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Preface

Dear colleagues and friends,

it is honour to welcome you at the 6™ International Scientific Conference on Biotechnology and
Metals.

In the present time, biotechnology contribute to various solution that address many societal and
environmental challenges, such as access to and sustainable use of natural resources, restoration of
vital nature systems, climate mitigation and adaptation, food supply and security, and human health.
They belong to the most promising technologies of this century and have research and technological
priorities also within the programs of the European Union.

The rapid development of biotechnological procedures was also noted in the field of environmental
biotechnologies, especially regarding the processing of various raw material sources and waste for the
purpose of obtaining critical raw materials and protecting the environment.

The goal of the Biotechnology and Metals conference is to support multidisciplinarity, to combine the
skills of microbiologists, biologists, chemists, physicists, geologists, engineers, economists and other
experts, so that they can jointly participate in the development of innovative technologies in order to
utilize a vast potential of microorganisms and plants for the restoration and conservation of the
environment and for the sustainable utilization of resources.

The conference is organized by four institutions - Institute of Geotechnics, Slovak Academy of
Sciences, Kosice; Faculty of Natural Sciences, University of Ss. Cyril and Methodius in Trnava;
Slovak Mining Society and ALGAJAS s.r.o.

We wish you to enjoy your time at the conference and in Stara Lesna, as well.

We believe that we will meet again also for next, 7" year of Biotechnology and Metals conference.

Alena Luptakova and Jana Sedlakova-Kadukova
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RECOVERY OF GOLD AND CRITICAL ELEMENTS FROM E-WASTE
USING A BIOTECHNICAL APPROACH

Mahdi Amiribostanabad®

“G.E.O.S. Ingenieurgesellschaft mbH, Schwarze Kiefern 2, 09633 Halsbriicke, Germany,
m.amiribostanabad@geosfreiberg.de

Abstract

Following the trajectory of an energy transition in the world, the ever-growing demand for key critical elements and
considering the modernised economy, the European Union's Parliament has recently adopted the "CRMA" - Critical
Raw Material Act, to support strategic autonomy, to diversify the EU's critical raw material supply and to strengthen
recycling and circularity. In this context, the INN4MIN project has tested an optimised approach to recover gold,
copper, zinc, tin and other metals from PCB (printed circuit boards). To de-solder the respective components of the
PCB a combined chemical-biotechnical approach was adopted. Ferric iron solution was used to transform the solder
metals, tin and lead into oxide respectively sulphate. In parallel, metals like copper, iron, nickel, cobalt, silver and zinc
are dissolved and can be recovered from the solution. Iron-oxidising bacteria in an aerated bioreactor were used to
regenerate the ferric iron. The process can take up to 25 days, depending on the concentration of the iron sulphate and
can be improved by pre-treatment of conformal coating removal from some components.

Notwithstanding of a relatively long residence time, approximately 99 % of the above-mentioned metals can be
recovered in an environmentally friendly manner. The gold, after being separated from the respective components, can
be further processed using “greener” leaching reagents like solution of thiourea and ferric sulphate. Depending on the
influencing parameters, including the temperature and concentration of the individual components, as well as the pH
and Eh conditions, the gold recovery varies between 60 and 70 per cent.

Keywords: PCB, Bio-leaching, gold, circular economy, critical raw material

1 Introduction

Regular access to raw materials is crucial for industries and the internal market, not only in Europe but
also in the world, which requires the countries to secure a sustainable supply of critical raw materials and to
try to anticipate and identify the relevant supply risks in order to take appropriate action [1].

Considering the scarcity of many elements in the earth, as well as the environmental impacts resulting
from exploration activities, coupled with the rapidly growing battery industry, has highlighted the
importance of developing new optimised and environmentally friendly approaches on “Circular Economy”
and having a closer look at viable substitutes to provide safe, reliable and resilient critical raw materials.

Norway Poland Finland Kazakhstan China
USA s:.h n metal: 33% coking coaol: 26%, nickel: 38% PhOSPhomS: 65% baryte: 45%, bismuth: 65%,
beryllium: 60% BTG copper: 19% e titanium metal: 36% gallium: 71%, germanium:45%
awiite: el (] magnesium: 97%, natural
=) @ ﬁ graphite: 40%, scandium: 67%,
4 tungsten: 32%, vanadium: 62%,
Spain Q@ (LREEs): cerium: 85%,
Mexico ‘b strontium: 99% Q“ @ R“ssm = | ~/ lanthanum: 85%, neodymium:
fluorspar: 33% Ele"l: 29% 85%, praseodymium: 85%,
France @ samarium: 85%,
Q@ Morocco hafiium: 76% (HREEs): dysprosium: 100%,
Phosphate rock: 27% - e ° erbium: 100%, europium:
Brazil @ N 100%, gadolinium: 100%,
niobium: 92% . Turklye . holmium: 100%, lutetium:
Guinea @  antimony: 63%, Qatar 100%, terbium: 100%, thulium:
aluminium: 63% boron: 99%, helium: 35% 100%, yttrium: 100%
feldspar: 51%
Chile RS .
lithium: 79% Congo, D.R. o) South Africa ® JAustralia
(D tantalum: 35% manganese: 41% = coking coal: 25%

Fig. 1. Major EU suppliers of CRMs (edited) [6]
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As the EU is highly dependent on imports of raw materials from third countries, e.g. China as the main
supplier of raw materials to EU (Table 1), the European Council after a series of communications from 2008
on “the raw materials initiative” came up with the idea of “substitution, recycling and domestic extraction”,
which finally entered into force in May 2024 as “the critical raw materials act” [1-5].

Table 1. The EU dependency of critical raw materials on China (May 2024), as the main supplier for Europe [1]
Ba Bi Ga Ge Mg C Sc W \4 low REE heavy REE
46% | 65% | 1% | 45% 97 % 40 % 67 % 32 % 62 % 85 % 100 %

In light of the aforementioned considerations, it is evident that the economic and strategic role of
waste cannot be overlooked. The volatility of market prices for raw materials, the depletion of easily
accessible deposits and the importance of recycling all contribute to this conclusion. Waste electrical and
electronic equipment (WEEE) and discarded printed circuit boards represent a viable source of certain raw
materials, including copper, nickel, zinc, tin, gold and silver, among others [7].

In regard to the composition of WEEE, a considerable body of research has been conducted, yielding
comparable findings. Figure 2 represents a comparative analysis of four studies examining the composition
of WEEE, as referenced in [7-10].

1000000 #Z Hubau, 2019

BUNEP, 2013

UNU 2008
Bizzoetal., 2014
Cu Fe Al Zn Sm Pb Mn Ni Sb Mg Cr Co Ag Mo Au t
Fig. 2. Comparison of metal concentrations in waste printed circuit boards from different studies

Pd Pt Ta
(edited after Hubau, 2019) [7-10]

It should be noted that the primary objective of the studies conducted as part of the INN4MIN project
was identify an environmentally sustainable method for the recovery of gold from PCBs and gold ores.
However, the recovery of other metals, such as iron, copper, zinc, tin, and aluminium, is necessary prior to
the recovery of gold due to the significant difference in standard potential between gold and these other
metals.

In order to gain access to the entirety of PCBs, it is first necessary to undertake a disassembly process
or mechanical pre-treatment. His may entail crushing, grinding, magnetic separation, electrostatic separation
or gravimetric separation [12]. Nevertheless, the utilisation of ferric sulphate as an oxidising reagent obviates
the necessity for this step, as ferric sulphate would oxidise the tin/lead solder and dismantle the components
from the PCB. However, in order to oxidise the copper traces in PCBs, the conformal coating (lacquer) must
first be removed.

Pyrometallurgy, as a general approach to the recovery of metals from PCB, has both advantages and
disadvantages. As [11] provided an exhaustive review of this method, the recovery of copper as the primary
metal will result in a significant loss of other metals in the slag. Additionally, the process requires a
considerable amount of energy [13], and the use of molten salts to dissolve and destroy plastics without
oxidising the metals eliminates the necessity for mechanical treatment [12].

100000

[

—_—
S
(=]
(=]

1000

T

=]

Metal concentrations (mg.kg!)
8

0,1

O T T
I
LLLRELLLRRRERRRRURRREEREREREELLEREEERRRERRRELEREEEELEREELL R ERRRT L]
I T

I T T

T
LLLLIERLEERREERR iR

=

0,01

=x

9



6" International Scientific Conference on Biotechnology and Metals

The current study is about finding an environmentally friendly and economic plausible approach to be
replaced with using cyanide containing solutions to dissolve and recovery of the gold from primary resources
as gold containing minerals and secondary resources as being called urban mining to recover gold from
PCBs.

Ferric sulphate has been proposed by [14] in a patented approach being used to oxidize and remove
the solders, by which the components would be off from the PCB. In this method the ferric from of iron was
used as a strong reagent to oxidize the metals in solder, then ferric iron would have been reduced to ferrous,
which will be oxidized again by means of iron oxidizing bacteria, i.e. Leptospirillum ferriphilum or
Acidithiobacillus ferrooxidans, as well as providing an optimum environment based on [15], e.g. the proper
temperature, necessity of agitation and the relevant medium for specific type of bacteria, then forming a
cyclic process and bringing the oxidizing reagent back to the process [14].

Nevertheless, in this study the described methodology from [14] has been further developed in a way
that all metals will be dissolved, except for silver and gold, which need one more step to complete the cycle
of recycling precious metals from PCBs.

Replacement of the cyanide-based solutions by the thiourea-based lixiviants has been researched and
developed in a number of research projects to bring the gold from PCBs in the solution and recover it.

By application of a mix solution containing thiourea, thiocyanate and ferric sulphate was the gold
leaching in many different conditions analysed, e.g. different pH values and temperatures as well as different
concentration of lixiviants components, in which a very promising result has been reached [16].

In another literature, instead of thiocyanate it was sulphuric acid has been used to adjust the pH. Either
by this method different affecting parameters have been studied and an optimum concentration as well as
optimum environment have been determined. By using this mix solution, formamidine disulphide as the side
product plays an important role in terms of gold leaching [17].

After all, in this study it was attempted to find an optimized approach to work on and recovery of all
corresponding metals from the PCBs, in which an about 97 % efficiency on gold recovery has been reached.

2 Material and methods
2.1 Sample preparation

E-waste samples as being tens of out-dated printed circuit boards were collected from TDE-recycling
GmbH and ARG - Recuperacao de Metais and some of traditional and innovative novel approaches have
been employed to prepare samples for running the characterisation analyses and recovery tests.

The comminution stage is generally the first step being used as a common industrial procedure to
reduce the size and study mass ration, in order to begin with the process and making it possible to have
access to all parts of the sample, known as the Umicore Procedure [7, 18]. However, in this study a hot air
device has been employed to have the solder molten and set the component free from the board. Which made
it easier to categorize the parts of PCB in different groups, namely 1) pins and CPU, 2) electrolytic
capacitors, 3) adaptors and ports and 4) plastic components.

Next, as it is explained in literature, those different groups were digested first with hydrochloric acid
and nitric acid, followed by digestion with the aqua regia dissolving the gold content and other value metals
that were not dissolved [7]. Also, the parts made out of plastic were just weighted to be added later on to
have a total mass of a processed PCB.

2.2 Pyrolyzing

As mentioned above, by means of hot air the pins, CPU and other components were de-soldered and
prepared for the acidic digestion step. Although, using the hot air was practically helpful, but due to the
conformal coating covering the board, having access to the copper content was not possible, by which it was
required another step to be added. There are possible alternatives, to shred the board, or to scratch the surface
and remove the coating material, which would not help in the case confronting multi-layered motherboard.

Therefore, to analyse the board, one possible way is to pyrolyze. Thus, one sample board has been
heated up by 800 °C for 2 hours, then milled with mortar and pestle to homogenize the particles and then
dissolved in nitric acid and send for analyses (ICP-MS or ICP-AES).

2.3 Leaching solutions
In terms of providing a reference characteristic of PCBs and their general composition, it was
necessary to begin with the common industrial method, by which the efficiency was already approved. The
10
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highly concentrated acids as being hydrochloric acid and nitric acid and aqua regia were used to dissolve all
anticipated valuable metals.

Nevertheless, the method of leaching in this study was completely different than usual methods. It
means, an already available leaching solution containing ca. 43 g/L ferric iron was used to test the
accountability of the hypothesis suggested by Monneron et al. 2020 [14]. First the goal was to de-solder the
components on PCB, as it was described in the literature [14].

After getting promising results from using the mentioned leaching solution, the experiment was further
developed targeting all of possibly solvable valuable metals out of PCBs, i.e. Fe, Cu, Sb, Al, Ni, Pb, Sn, Zn,
Ag, Au and Pd among others. Doing so, at a certain amount of time, depending on different influencing
parameters such as temperature, pH-level and concentration of leaching solution, all of considered metals
were dissolved, except for Pd, Ag and Au.

The advantage of using ferric sulphate as a strong oxidizing reagent was its bio-recoverability, i.e. the
reduced iron in the leaching lixiviant was again oxidized by certain microorganisms and bacteria.

Afterward, to process the rest metals, that were not reacted with the leaching solution, two different
leaching solutions have been used [16, 17], each containing thiourea as the main component. By which
approx. 97 % gold recovery was obtained.

2.4 Tin oxide dissolution in hydrochloric acid

After processing the PCB in the leaching solution, after all possible metals being dissolved, there are
yellow-light brownish solids remaining at the bottom. These sedimented solids contain mostly Sn, Fe and
Cu, but also small amount of Au, Ag, Ni and Zn.

They will be processed with a solution containing thiourea to dissolve the gold.

2.5 Copper extraction

In this study, it was supposed to prepare a certain amount of ferric sulphate at the beginning, and put it
in a cyclic reaction with iron oxidizing bacteria and then again being used as an active oxidizing reagent
back in to the process.

However, the copper content in the solution could play as a toxic element to the iron oxidizing bacteria
(IOB). Therefore, after the iron content was almost reduced forming ferrous sulphate, the copper content
should have been precipitated via electrolysis, then being transferred to the next container and let react with
microorganisms.

2.6 Gold containing tin oxide

As it was briefly mentioned, the tin oxide deposits should be prepared to have been processed in a
thiourea containing solution, in order to separate and dissolve the gold content.

To do so, two different thiourea containing solutions were prepared and used in analyses. Since the
thiourea plays the main role as an oxidizing agent to process gold, both solutions were resulted in a very
promising result.

It should be noted though, the other metals were dissolved in the solution as well, except for silver,
which should be processed in a selective mode of using the same lixiviant. The metals should be selectively
let react with this mentioned lixiviant according to their different electrochemical potentials [16, 17].

3 Results and discussion
3.1 General characterization of PCBs

The samples were first analyzed by considering the mass balance in general. Three different PCBs
were selected, i.e. the producing company and the color was the basis to differentiate them, following by
disassembly by means of hot air to de-solder components from the mainboard.

Using hot air actually works in practice very well, but the problem was the respective energy
consumption by doing so and working in a larger scale. However, to have a preliminary data, it was of the
most necessities to use hot air, otherwise by the approach as “comminution or size reduction”, it was not
possible to get the information about the value parts and the plastic containing components.

Nevertheless, after getting the first results regarding the mass balance (Table 2), each PCB was
categorized into 5 different sections, as:

a) mainboard (which contains mostly of Cu-traces and plastic),

b) pins and CPU (the highest gold content plus other metals, Au, Cu, Pb, Ni, Zn and Sn),
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c) electrolytic capacitors (mostly out of Al and Ta),
d) adapters and ports (mostly plastic, and pins),
e) plastic (not considering the plastic content in mainboard).

Table 2. The general characterization of three randomly selected PCBs

Mainboard | Pins + CPU Electrolytic capacitors Adapters & ports Plastic Total mass

(g] [g] (g] [g] [g] (g]

LP1 264.2 66.3 43.7 129.9 125 629.1
LP2 264.7 78.4 46.4 1394 142 670.9
LP3 280.7 69.4 52.2 132.7 117.8 652.8
[g] 269.9 71.4 47.4 134.0 128.3 650.9
[%o] 41.5 11.0 7.3 20.6 19.7 100.0

The mainboard contains the copper traces, obviously. But there are two problems about it on the
recycling process. To increase the heat stability of mainboard, they were conditioned in epoxy resin, which
inhibits its reactivity with leaching solutions, later on. Hence, the mainboard was cut in small pieces with a
metal scissor.

Apart from the plastic part, the electrolytic capacitors were digested in hydrochloric acid and other
three groups, namely pins and CPU, adapters and ports and mainboard pieces were digested in nitric acid.
There were some parts that were not reacted with acids completely, thus the aqua regia was in the last stage
used to digest all metals possibly.

Initially was it important how the metals are distributed in different components of the randomly
selected PCBs. After having the samples analyzed, the composition of a random PCB determined as follows:

According to the results, a random PCB is made out of plastic (fiber glass, epoxy resin) (75.06 %),
Cu (21.3 %), Zn (2.5 %), Ni (0.22 %), Sn (0.92 %), Pd (0.0003 %), Au (0.0077 %) and Ag (0.0073 %)
(Figure 3).

Au, 0.01

Cu, 21.31

plastic , 75.06

Fig. 3. Calculated share of each analysed element in a random PCB (in W%)

3.2 Bio-Leaching
3.2.1 De-Soldering by means of ferric iron and bacteria

Ferric sulphate is known as an active oxidizing agent. As it is already discussed, Monneron-Enaud
2020 [14] has articulated processing the solder with ferric sulphate, followed by using iron oxidizing bacteria
to put iron back in the cycle, after it being reduced.

According to the results in this study, ferric sulphate can act as a strong oxidant and oxidize Sn and
probable Pb and Zn contents in the solder and dismantle the components. However, depending on the
provided condition, including the iron concentration, pH and the temperature, the kinetics could be
influenced enormously.

This study has begun by using a small piece of a PCB (ca. 6 g) putting in a ferric sulphate solution (55
ml), containing ca. 43 g/L iron (Figure 4).

12



Proceedings

Wi 5 ‘
‘ '_‘ub.,.‘*ﬂ N —

— - o

Fig. 4. Running preliminary experiment using ferric sulphate as an active reagent

As it is recognizable, after iron was completely reduced, the solder was digested in ferric sulphate,
including other metals, there was some small metal parts, could be processed by ferric sulphate, the solution
and ferric iron content should had been refreshed though, but so far that was not the point to consider.

It is obvious on the picture, the gold platted connector has not reacted with ferric sulphate, either has
the copper content of toroidal inductor not reacted. In the latter case, the toroidal inductor was coated with
somehow similar to epoxy resin coating material, which inhibited the access of the solution to the material.

At this stage, as you can determine from the picture, the both two different types of solder have been
tested. So, both types have reacted with lixiviant and digested, but surface bridge solder reacts much faster.

3.2.2 Bioleaching of the PCB

After that the effectivity was approved, another parameter was considered, which was the time. The
aim was to know, how long it would take to process a PCB and oxidize the reduced iron, simultaneously.
Four different PCBs have cut in half and the 8 pieces of PCBs put in a ferric sulphate solution as a lixiviant.
This time, a mix culture of two different iron oxidizing bacteria, i.e. Acidithiobacillus ferrooxidans and
Leptospirillum ferriphilum, has been adapted and added to the lixiviant. To feed bacteria a list of different
salts has been used, which was according to the reference from so called “HBS medium”. An air compressor
was also used to provide the oxygen needed by microorganisms.

Five PCBs with the total mass of 2637.9 g were positioned in 6657.5 | of the leaching solution. The
parameters pH, redox potential and electric conductivity, ferric/ferrous ratio, and the number of cells of
bacteria in the leaching solution were monitored for a month.

Depending on the activities of the bacteria ferrous concentration was fluctuating between 15 - 25 g/L,
and the cells number was also between 6.0E+08 to 1.5E+09 cells/I. The pH value was kept between 1.5 - 2.0
with sulphuric acid (this was the optimum pH range to have a better performance from the bacteria.). The
temperature was around 35 °C and redox potential was 705 mV at the beginning, which during the
experiment was fluctuating between 700 to 600 mV, at the lowest point. Electric conductivity was
44 mS/cm, which was almost unchanged at the end.

The copper could be toxic for the activity of microorganisms; thus, the copper was deposited off from
the solution by using electrolyse cells. This was an effective approach regarding the fact that by employing
electrolyse cells and applying such a low voltage (1.5 V, 0.5 A) would not disturb bacteria.

After only one day, the colour of the solution was changed to bright green, showing the iron reduction.
The analyses on the solution after 24 h have indicated ca. 2.1 g/L Zn and 144 mg/L dissolution, which was
logically acceptable, since at the beginning the solder should had been digested and dissolved in the solution
(Table 3). However, the tin was precipitating, by which the gold pieces after being released from other
elements, which were dissolved in the solution, was co-precipitating with tin oxide, which was approved at
the end of the experiment by collecting and analysing the brownish sediments.

The electrolyse cells were providing a perfect effectivity on the copper deposition, however, at the end
and after having the last sample analysed, there were still 6.6 g/L copper in the solution. Also, some of iron
content was co-precipitated with tin oxide (Table 3).

Table 3. The analyses on the last sample after one month bioleahcing of PCBs
Fe Cu Ni Zn Sn Pb

mg/L | 30500 | 6650 | 635 | 8350 | 325 | 12.75
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By making a comparison between the metal concentrations in the leaching solution and the source
values in a random PCB (i.e. data from Figure 3), it shows that only 8 percent copper after using electrolyse
cells was still left in the solution. The preliminary results showed so far that 72 % Ni, 84 % Zn and
91.3 % Sn (as precipitant) were recovered.

This test has given a very promising performance of using ferric sulphate and microorganisms parallel
with copper electrolyses. Afterwards, the sedimented tin oxide with impurities of gold, silver, iron and zinc
were air dried and prepared for gold recovery.

Table 4. The metal recovery performance at the end of the test, compared with the data from Figure 3

Composition Au Cu Ni Ag Zn Sn Pd Plastic
[%] 0.0077 21.3 0.22 0.0073 2.5 0.92 0.0003 75.1
[g] in 6657 mL 443 4.2 55.6 22

[%] recovered

in the solution L7 0.16 2.1 0.08

3.3 Gold recovery

According to the observations of the rest of leached solid materials (the leached PCBs and the
sedimented tin oxide), the copper traces were partly reacted with the lixiviant, which was due to coating
material covering them, and all other metal containing parts were completely reacted and dissolved in the
lixiviant, i.e. the gold was just detached from the components and settled with tin oxide sediments in the
bottom of the glass. Nevertheless, the main objective in this study was the gold recovery.

To process the gold, as it was mentioned before, there were two alternatives. Both of them included
the ferric sulphate and thiourea (Tu) (in different concentrations), but in one of them was the sulfuric acid
used to adjust the pH and in other one thiocyanate was used for its complexation features and synergistic
effects with thiourea.

The main oxidant reagent in both approaches was ferric sulphate, by which the main role was to
oxidizing thiourea, which after that was forming a complex with gold and bringing it in the solution. The
composition of the lixiviants was as follows:

Lixiviant 01 [16]: Lixiviant 02 [17]:
- SCN 0.005 M - Tu 42 o/l
- Tu 10 mM - Ferric sulphate 9¢g/L
- Ferric sulphate 0.055 M - Sulfuric acid 0.1 M
- pH 1.5 - Temp. 20 °C
- Temp. 35°C

By using the first solution (lixiviant 01) the probable reaction would be [16]:
Au + Fe™+ SCN"+ 2 Tu — Au(Tu),SCN (1-1)

To describe the chemical equation 1-1 regarding the lixiviant 01, ferric sulphate provides the oxidation
features, thiocyanate leads the complexation features, which in parallel with thiourea generates synergistic
effect, also thiourea itself can improve the half reaction in gold oxidation procedure [16].

On the other side, in lixiviant 02, ferric iron would oxidize thiourea, by which a temporary side
product called formamidine disulphide would be generated, which acts as a gold oxidant, which is not stable
and the sulfur would precipitate and cover the sample surface which could partly hinder the reaction
progression [17].

There were multiple experiments have been conducted to mobilize the tin content, due to its
hinderance properties while it was attempted to process the gold with acids. Using concentrated hydrochloric
acid by high temperature (85 °C) helped though to have a better (still mixed) product containing gold, but
regarding the energy consumption, it was not plausible.

14



Proceedings

+HCI (35 %) + 85°C — &
Fig.5. Using heated hydrochloric acid to remove the impurities (tin oxide) out of the sedimented material

To process the deposited material with proposed solutions, and to leach the gold content, both lixiviant
have been prepared. A piece of pure gold strip has been taken as a blind sample and next sample was the
gold containing light brown powder (Au-powder) (Figure 5 left hand side).

The composition of the Au-powder was determined before running the test (Table 5), by dissolving it
in aqua regia solution. By doing so, it was possible to compare the kinetics of gold leaching by taking the
piece of gold, as well as monitoring its behavior next to tin oxide.

Table 5. Chemical composition of Au-powder (i.e. gold containing sedimented tin oxide)

€

Fe

Au

Cu

Ni

Ag

Zn

Sn

[mg/kg]

151000

469

8420

1300

81

1200

101000

In order to get a better understanding about influence of surface area on material digestion
performance, the test was conducted using either a solid piece of gold as well as gold powder, which was
produced by rubbing the gold piece on a sand paper.

By using the lixiviant 01 and after one week from the beginning of the test, about 78 % of the gold in
the sample tin oxide powder were dissolved, which was a very promising result. However, the test duration
was longer than the expected timeline. Nevertheless, the test has been kept running for a month, by which the
result was shockingly disappointing, the ration was returned back to 2 %. It could mean that after that all
oxidant material was completely used, the gold should have been precipitated again somehow. By this
experiment, it was afterwards recognised, that the iron concentration was somehow very low, which lead to
the decision to run next test with lixiviant 02.

Actually, after getting incredibly better performance by using lixiviant 02, it was not again attempted
to find out about the probable problem regarding the test with lixiviant 01. Thus, it is highly recommended to
employ both lixiviants.

Again, it was a piece of gold strip and an aliquot of deposited tin oxide powder were used putting in
the solution 02. According to the observations, only after one hour, the gold content in tin powder was
dissolved.

In this case, and after about 72 hours, a gold strip piece of 28 mg was dissolved in the lixiviant 02. As
it was mentioned before, the gold content in second sample (tin oxide powder) has taken only an hour to be
dissolved in the solution.

4 Conclusions

In this study it was at the utmost importance to use a most possible environmentally friendly approach
in order to process and dissolve the gold content from primary (gold minerals) and secondary (recycling
e-waste) resources.

The main material being used as an oxidant in this experiment was ferric sulphate, which can be
completely regenerated after that the ferric iron being reduced to the ferrous iron by means of iron oxidizing
bacteria, which is not a complicated process and works perfectly.

By using ferric sulphate, it would be possible to mobilize all value metals (except for gold and silver)
from e-waste (here the PCB) into the solution and then recover them.

According to the observations during this study and the respective lab results of the chemical
composition of multiple samples from the leaching solutions containing thiourea, it was determined that the
thiourea being used next to the ferric sulphate, as well as manipulating the concentration rations of both
chemicals, could be also used in a selective based recovery process of metals from PCB and e-waste.
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The very low iron content, which was mixed with the powder during the test, as well as other valuable

elements, which were the main goal of this study, such as Ni, Ag and Au were dissolved in the leaching
solution, especially with a very high efficiency (96 %) of gold recovery.

However, still there are multiple questions and ambiguities, that needs to run more experiments to find

out the right answer and to optimize the procedure.
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Abstract

Bioavailability of potentially toxic elements from four dump-field material at several abandoned European Cu-deposits:
Spania Dolina (Slovakia), Caporciano and Libiola (Italy) and Sio Domingos (Portugal) was studied. The three steps
sequential analyse study show some relation among geological setting and mineralogical composition of ores
vs. bioavailability of metals. The best bioavailable metals at first three mentioned deposits are Cu and Cd (in one case,
atr S3o Domingos As and Co). The results confirmed that the geological setting substantially influence the order of the
bioavailability.

Keywords: Cu-deposits, abandoned dump-fields, potentially toxic elements, bioavailability

1 Introduction

The aim of the study is to compare the bioavailability of potentially toxic elements (PTEs) at dump-
fields of several European abandoned Cu-deposits. Three copper deposits situated in different geological
settings were studied. Spania Dolina belongs to the important Cu-deposits of Slovakia. The investigation was
realized at Richrarova dump-field. The second studied deposit was the dump-field Caporciano in Val di
Cecina and Libiola (Italy). For comparison was selected the area of extensive mining field in Sio Domingos
(Portugal; Fig. 1).

The volcano-sedimentary Cu-mineralization at Spania Dolina is situated in crystalline complex of
Permian age. The main exploited economically important minerals were chalcopyrite and tetrahedrite [1, 2].
The chalcopyrite, bornite and chalcocite ore body at great Caporciano mine is associated with ophiolites,
formed by diabase, gabbros and serpentinites [3]. The Libiola mine is situated in the ophiolite complex.
There are two types of mineralization: the first one is connected to and the second one is serpentinite hosted.
The ore mineralization is represented mainly by pyrite and chalcopyrite (less also by sphalerite and
pyrrhotite) [4]. Sdo Domingos belongs to the very important world deposits. The mineralization is situated in
in the Iberian Pyrite Belt black shales and basic volcanics of the volcano sedimentary complex near Spanish
border. The exploited ore predominantly consists of following sulphides: chalcopyrite, pyrite sphalerite,
tetrahedrite and arsenopyrite. [5, 6]. The average pH at Spania Dolina is 5.29, at Caporciano 6.56, at Libiola
4.03 and in Sao Domingos is more acid pH =4.29 [7].

2 Material and methods

At each studied locality 25 - 30 technosol samples were taken from the dump-field polygon in
such a way to characterize the average dump-material. The samples were dried and mixed to get
average sample. Subsequently these samples were homogenized and pulverized (80 mesh).
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Fig. 1. Localization of the studied Cu-deposits (A - Spania Dolina, B - Caporciano, Libiola)

The identification of the bioavailability of selected PTEs was studied by sequential extraction procedure [8].
At first the analyzed sample was dried at 60 °C for 24 hours. 1 g of sample was in 50 ml falcon tube was extracted
using 5 extraction solutions: The ICP-MS analyses were realized in laboratories of TU-Bergakademie Fraiberg. The
analyses took the place in the laboratories of Biowissenschaften at TU-Bergakademie Freiberg (Germany).
The total concentration of PTEs was measured using 100 mg of sample dissolved in aqua regia. For the
sequential extraction analysis was used 1 g of technosol sample. Four steps of equential extraction was
executed: 1. distilled resp. deionized water; II. 1M solution of NH,CH;CO, (ammonium acetate) at pH 7;
III. 0.01M C¢Hsg05 (citric acid) solution. First 2 fractions can be considered as exchangeable [9].

3 Results and discussion

There are interesting similarities between Spania Dolina and Caporciano. At the dump-fields of both
deposits are the most bioavailable PTEs Cu and Cd, only the order of these selements at individual localities
is different: at Spania Dolina is the most bioavailable metal Cu and in Caporciano and in Libiola Cd (Fig. 2).
The less bioavailable PTEs in Spania Dolina are As and Co, whereas in Caporciano Co and As (Fig. 2). At
Libiola decrease the bioavailability in rate: Cu>Zn>Cd>Co>As.

The results from Sdo Domingos show the best bioavailability surprisingly for As and Co. The
bioavailability decreases in rate As>Co>Cu>Cd>Zn (Fig. 2). The degree of bioavailability corresponds for
example with results published by Kim [10] and Lalhruaitluanga [11].

The results show that the bioavailability is substantially influenced by geological setting, geochemical
conditions (different characteristics of the rocks/technosol), pH and mineralogical forms of the present PTEs.
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Fig. 2. Bioavailability of PTEs at the studied deposits
(First 2 fractions can be consider as bioavailable)

4 Conclusions

The substantial part of the bioavailable PTEs was generally released from the technosol in the

deionized water and less also in 1 M solution of ammonium acetate. At first three deposits (Spania Dolina,
Caporciano in Val di Cecina and Libiola) is possible distinguish generally two bioavailable PTEs: Cu and
Cd. Less bioavailable are Co and Zn. Except the dump-field Sdo Domingos the less immobile metals are As

and C

0. In Sdo Domingos are the most bioavailable metals As and Co. The relationship between the

bioavailable PTEs and pH was not proved.
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Abstract

Currently, a large number of commercial resins are available for various applications, whether in the food or industrial
sector. On the other hand, there is little information available in the literature to scientifically explain the effectiveness
and behaviour of new commercial resins under different application conditions.

The paper deals with the study of the use of Purolite MB400 ion exchange resin for the simultaneous removal of metal
cations (Cu, Zn, Fe) and sulphates from model solutions. The resin efficiency was highest for the CuSO, model solution
(10 mg/L), where the Cu*" removal efficiency was 97.8 % and SO,> was 95.1 %. With increasing concentration of
metals and sulphates in solutions the efficiency decreased.

Keywords: heavy metals, sulphate, ion exchange, Purolite MB400

1 Introduction

Surface waters, including rivers, lakes, and streams, are vital resources for ecosystems and human
activities. However, these water bodies are increasingly subjected to contamination by various pollutants,
among which heavy metals and sulphates are of significant concern [1]. While some heavy metals are
essential in trace amounts for biological processes their elevated concentrations in surface waters pose
serious environmental and health risks [2]. Heavy metals are not biodegradable; therefore, they tend to
bioaccumulate in living organisms. They are also persistent and can directly or indirectly affect various
organisms due to biomagnification. Many heavy metal ions are toxic or carcinogenic [3, 4].

Mining is one of the key sectors to be considered, particularly because it plays a central role in the
economies of developed and developing countries. This activity generates a large presence of heavy metals,
released due to the extraction of minerals, and transported through rivers and streams, in which they can be
dissolved in water or as part of sediments. These metal species tend to seep into groundwater, and can also
cause water scarcity, prevent the growth of crops due to soil erosion, and bring serious health problems on
animals and local human communities [5].

Sulphates, on the other hand are naturally present in the environment, often as a result of mineral
weathering. Sulphur is a vital nutrient element form for living stocks, thus sulphate is a common nutrient and
naturally occurs in water and wastewaters [6]. Its concentration varies depending on the location for
example, in rivers from 0 to 630 mg/L, lakes 2-250 mg/L, ground water 0-230 mg/L, sea water up to
2700 mg/L and in rain water 1-6 mg/L [7]. However, anthropogenic activities such as industrial discharges,
mining, and agricultural runoff significantly increase sulphate concentrations in surface waters. Elevated
sulphate levels can lead to the acidification of water bodies, which can harm aquatic life, disrupt water
chemistry, and enhance the solubility of toxic metals [8].

To mitigate the environmental and health risks associated with heavy metals and sulphates in surface
waters, various treatment technologies have been developed, among which ion exchange resins are
particularly effective. Compared with other usual methods ion exchange provides advantages. Using ion
exchange, all ions can be removed from a solution or substances [9]. lon exchange resins are synthetic
polymers capable of exchanging specific ions within a solution with ions attached to the resin. These resins
can selectively remove heavy metals and sulphates from contaminated water by exchanging them with less
harmful ions, such as sodium or chloride, present on the resin [10, 11]. Therefore, we can divide ion
exchange resins designed for selective ions removal of contamination and complete deionization of
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wastewaters. The choice of between both, depends mainly on the composition of the solution and on the
extent of decontamination required. Selectivity is achieved by selected types of ion exchangers with specific
affinity to definite metal ions or groups of metals. In the most cases ion exchange is replacing the undesirable
ion by another one which is neutral within aquatic environment [12]. This process is highly efficient,
offering the advantages of high removal capacity, reusability of the resin, and the ability to target specific
contaminants. Ion exchange resins are widely used in water treatment plants and in industrial applications to
purify surface waters and ensure they meet environmental standards [13, 14].

Understanding the sources, pathways, and effects of heavy metals and sulphates in surface waters,
along with effective removal methods such as ion exchange resins, is crucial for developing comprehensive
strategies to protect aquatic ecosystems and ensure water quality for human use.

The aim of this paper is a study of the efficiency of removing SO4* and heavy metal ions from model
solutions using Purolite MB400 ion exchange resin.

2 Material and methods
2.1 Ion exchange resin characterization

The ion exchange resin, Purolite MB400, was obtained from a commercial resin supplier in Slovakia
and was used for static adsorption experiments. Purolite MB400 is a mixture of high-quality ion exchange
resin used for water purification. It is suitable for usage in both regenerable and non-regenerable cartridges
and large ion exchange units. The mixture is composed from an ion-balanced mixed resin in a ratio of 40 %
catex to 60 % anex. This resin was developed for preparation of high purity water where 97 % of the ionex
resin has a grain smaller than 0.3 mm. It is also most commonly used for the preparation of demineralized
water free of silica and carbon dioxide.

2.2 Synthetic solutions

Copper, zinc and iron stock solutions (1,000 mg/L) were prepared by dissolving a given amount of
sulphate salts (Merck, Darmstadt, Germany) in distilled water. Lower concentrations (10, 50, 100, 200, and
300 mg/L) of metals and appropriate amount of sulphates were prepared by diluting the stock solutions with
distilled water.

Model solutions of CuSO, with different initial concentrations (c,) of sulfate anions in the range from
100 to 2900 mg/L (10 different concentrations) were used to obtain data for mathematical modeling of
adsorption isotherms. All solutions were adjusted to the desired initial pH~4 value with 0.001M H,SO,.

2.3 Sorption experiments

1 g of resin was mixed with 100 mL of each model solution (laboratory temperature t = 20+1 °C). The
reaction was carried out under static conditions in a batch adsorption system with an interaction time of 24 h.
After absorption, resins were filtrated. Colorimetric method (Colorimeter DR 890, HACH Company,
Loveland, USA) was applied for the determination of residual sulphate and metal concentration. The pH
values of solutions were also measured with a pH meter inoLab pH 730 (WTW, Weilheim, Germany). In
addition, the efficiency of ion removal was calculated using the following equation (Eq. 1),

=%"%). 100 (1)

Co

where: - sorption efficiency [%], ¢, - the initial concentration of appropriate ions [mg.L"'], ¢, - equilibrium
concentration of ions [mg.L].

All adsorption experiments were performed in triplicate under batch conditions, and the results are
expressed as arithmetic mean values with standard deviations.

3 Results and discussion

Purolite MB400 ion exchange resin was used in this experiment to determine the efficiency of
removing SO4> and heavy metal ions from model solutions using ion exchange materials. The influence of
PUROLITE MB400 for removing Cu, Zn, Fe and sulphates from model solutions is shown in Table 1-3.
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Table 1. Initial concentration of Zn** and SO42' and concentration after 24 hours of contact time with
PUROLITE MB400 resin; ZnSQO, solution; dosage 1 g / 100 mL

Sample (mg/L)
Zn** 10 50 100 200 | 300
Initial concentration
S0» 14.69 | 73.4 146.9 | 293.8 440
Concentration after Zn2+ 025 185 22 14 352
24 hours SO 0.8 3,6 4.6 16 31

Table 2. Initial concentration of Cu®" and SO42' and concentration after 24 hours of contact time with
PUROLITE MB400 resin; CuSO, solution; dosage 1 g/ 100 mL

Sample (mg/L)
Cu®* 10 50 100 200 | 300
Initial concentration
SO,* 15.12 | 75.6 | 151.24 | 302.4 | 453.7
Concentration after Cu”* <0.05 [ <0.05| 1.2 52 13
24 hours SO 02 | 04 | 09 | 74 | 48

Table 3. Initial concentration of Fe** and SO42' and concentration after 24 hours of contact time with
PUROLITE MB400 resin; FeSO, solution; dosage 1 g / 100 mL

Sample (mg/L)
Fe** 10 50 100 200 300
Initial concentration SO> 172 | 86.04 | 172.1 | 3442 | 5162
4
. Fe 048 | 23 3.2 174 | 36.6
Concentration after
24 hours SO 1.4 4.1 9 46.6 111.6
4

This experiments showed the possibility of removing Cu*", Zn**, Fe*" and SO4> ions from the model
solutions using PUROLITE MB400 synthetic ion exchange resin. A comparison of removal efficiency is
shown in the Fig. 1 and 2. As can be seen from Fig. 1 and Fig. 2 the resin efficiency was highest for the
CuSO,4 model solution (10 mg/L), where the Cu*" removal efficiency was 97.8 % and SO4* was 95.1 % With
increasing concentration of metals and sulphates in solutions the efficiency decreases.
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Fig. 1. Removal efficiency Zn**, Cu** a Fe** using PUROLITE MB400
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Fig. 2. Sulphate removal efficiency with PUROLITE MB400 resin; solutions ZnSO,, CuSO,, FeSO,

The pH is one of the important parameters controlling the absorption of sulphates and heavy metals
from aqueous solutions. In all solutions, the initial pH of the solutions was not adjusted, but in all
experiments, the pH of the solutions increased after ion exchange process. Fig. 3 shows the effect of ion
exchange on the pH of CuSQ, solution for different concentrations.
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Fig. 3. Influence of ion exchange on the pH of CuSO,

4 Conclusions

Ion exchange is widely used for pollutant removal from wastewater due to their many advantages,
such as high treatment capacity, high removal efficiency and fast kinetics. As the experiment shows, the
using Purolite MB400 ion exchange resin for sulphates and the selected cations of Zn, Cu and Fe removal
from model solutions is applicable. The resin efficiency was highest for the CuSO,; model solution
(10 mg/L), where the Cu’" removal efficiency was 97.8 % and SO,” was 95.1 %. With increasing
concentration of metals and sulphates in solutions the efficiency decreases.

Ion exchange may be suitable for small volumes of water contaminated with sulphates and heavy
metals due to its simplicity, efficiency, selectivity and relatively low operating costs.
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Abstract

This study describes the bioleaching of tetrahedrite concentrate by acidophilic chemolithotrophic iron- and sulfur-
oxidizing bacteria under aerobic conditions. On-line gas analyses showed, that the efficiency of bacterial CO, fixation,
i.e. the molar ratio of CO, fixed to O, consumed, changed during the course of tetrahedrite bioleaching. In the initial
stage, the exponentially grown culture oxidized abundant dissolved ferrous iron that served as an electron donor. The
rates of CO, and O, consumption increased exponentially, (time period 4 - 7.5 days in the graphs) and growth yield
coefficient (Yox) approached 0.06 (C-mole/O-mole), which is typical value for cultures grown on ferrous sulfate. Iron
acts as an important intermediary electron carrier in the tetrahedrite oxidation reactions. Bacterial Fe*" oxidation rate
highly outcompeted the concurrent Fe'* reduction rate at the tetrahedrite surface, which caused limitation of bacterial
growth and oxidation rates by the availability of Fe*". In the next stage of bioleaching, (time period from 7.5 days
onwards in the graphs) the ratio of CO, fixed to O, consumed has increased, approaching almost twice the yield value
that would be predicted from exclusive growth on ferrous iron, most likely due to co-utilization of sulfur intermediates.
Our observations are consistent with previously published findings that the efficiency of CO, fixation is much greater
when sulfur rather than ferrous ion is being oxidized, showing that the transport of electrons derived from RISC yielded
more energy than the transport of electrons from Fe?'.

Keywords: bacterial growth, tetrahedrite, iron- and sulfur-oxidizing bacteria, bioleaching

1 Introduction

Tetrahedrite is a copper antimony sulfosalt that can be described by the simplified chemical formula
Cu,o(Fe,Zn),SbsS;3. In nature, the minerals of the tetrahedrite group constitute a complex isotypic series with
multiple iso- and heterovalent substitutions [1-4].

Tetrahedrite is generally known as a refractory mineral characterized by its recalcitrance to chemical
oxidative dissolution [5-7].

Tetrahedrite and tennantite are significant copper and precious metal resources, however, their
treatment entails severe toxicological and environmental risks due to high content of toxic components [8].

Nowadays, the exploitation of tetrahedrite-tennantite deposits is being revisited, justified mostly by the
high precious-metals content. Furthermore, given the continued strategic importance of raw materials for the
EU manufacturing industry, antimony, amongst another 30 mineral raw materials, was added to the list of
Critical Raw Materials for Europe published by the European Commission.

In the current investigation, we studied bioleaching of tetrahedrite sample originated from the Silver
vein of the Roznava mine, eastern Slovakia [9-11]. The main minerals of economic interest are silver-bearing
tetrahedrite and siderite. The high Cu content (40 - 46 wt%) and relatively high content of Ag (up to 1 %)
make tetrahedrite mining at this mineral deposit economically attractive.

2 Material and methods
2.1 Tetrahedrite sample

The sample of natural tetrahedrite originated from the Strieborna Zila (Silver vein) of the Roziava
mine (eastern Slovakia). The geological background and mineralogy of the ore deposit are described in
details elsewhere [9-11] and references therein. The main minerals of economic interest are silver-bearing
tetrahedrite and siderite.

The mined ore was dry crushed and milled to a grain size < 100 um. The ground ore was upgraded by
froth flotation. The flotation concentrate was further conditioned for 24 hours with diluted sulfuric acid
(pH 1) at 90 °C under N, atmosphere to remove the residual siderite. The final siderite-free tetrahedrite
concentrate was separated from the slurry by filtration, washing and drying.

28



Proceedings

The tetrahedrite (bio)leaching was carried out in magnetically stirred baffled reaction flasks with the
working volume 0.5 L at temperature 25 °C. The leaching medium contained: 1.6 mM MgSO4.7H,0,
6.1 mM NH4H2PO4, 0.23 mM KzHPO4 and 120 mM FGSO47 HzO in 4 mM HQSO4 (pH 163)

The medium was inoculated with Fe-oxidizing bacteria A. ferrooxidans, A. ferrivorans and
L. ferriphilum. The grown bacterial cultures were transferred to reaction flasks with tetrahedrite. The pulp
density was 20 g/L. Abiotic control series were performed with sterile liquids of the same chemical
composition, containing iron in either divalent or trivalent form. Experiments were performed in replicates
and showed a good reproducibility.

The oxidation reaction of the tetrahedrite was monitored by continuous measurements of ORP and pH
of the leaching liquors, and by chemical analyses of the slurry samples. Bacterial O, and CO, consumption
rates were monitored by on-line analyses of the reactor headspace gas.

2.2 Chemical analyses

The samples of leaching slurry were taken at regular intervals and filtered through 0.2 pm syringe
filters. Elemental analysis of the filtrate was performed using AAS (Varian AA240Z, AA240FS) and ICP-
MS 7700 Agilent. Ferric iron was determined by a UV-spectrophotometric method at 300 nm [12]. Ferrous
iron concentrations were determined by modified o-phenantroline spectrophotometric method, insensitive to
Fe'" interference [13].

3 Results and discussion

The oxidation of 1 mole of tetrahedrite (nominally Cu;o"Cu,”"Sbs’'S15%) to produce sulfate involves
the transfer of 122 moles of electrons. The stoichiometry of the reaction was confirmed by gas analyses and
the concentration profiles of the oxidation products and can be described by the equation 1.

Cu»SbySi; + 122 Fe*" + 52 H,0 — 12 Cu®" + 4 Sb™" + 13 SO, + 122 Fe*" + 104 H (1)

The role of acidophilic prokaryotes in this process is to oxidize ferrous iron to ferric iron (eq. 2) which
helps to maintain high redox potential, defined by the Fe**/Fe*" ratio.

122 Fe* +30.50, + 122 H" — 122 Fe*" + 52 H,0 (2)

The acidity generated by tetrahedrite oxidation is attenuated by concurrent bacterial ferrous iron
oxidation reaction that competes for protons. Further acidification is produced by the hydrolytic reaction of
ferric iron.

Autotrophic bacteria use carbon dioxide as a sole carbon source to produce organic matter. In this
work, the concentration of bacterial biomass is expressed in moles of organic carbon per liter [C-mole L™].
The production rate of bacteria equals the consumption rate of carbon dioxide (Fig. 1b).

dX/dt = rx = —rco2 (3)

The yield coefficient, commonly referred to as the substrate-to-biomass yield, is used to convert
between cell growth rate () and substrate (e.g. oxygen) utilization rate (—ro,) (Fig. 1d).

—7co2= Yox * (—702) 4)

In the initial stage of bioleaching, the exponentially grown culture oxidized abundant dissolved ferrous
iron that served as an electron donor. The rates of CO, and O, consumption increased exponentially (Fig. 1,
time period 4 - 7.5 days) and growth yield coefficient (Yox) approached 0.06 (C-mole/O-mole), which is
typical value for cultures grown on ferrous sulfate. Iron acts as an important intermediary electron carrier in
the tetrahedrite oxidation reactions. Bacterial Fe*" oxidation rate highly outcompeted the concurrent Fe**
reduction rate at the tetrahedrite surface, which caused limitation of bacterial growth and oxidation rates by
the availability of Fe’". In the next stage of bioleaching, (time period from 7.5 days onwards in Fig. 1) the
yield coefficient (Yox) has increased, approaching almost twice the value that would be predicted from
exclusive growth on ferrous iron, most likely due to bacterial co-utilization of intermediate products of
tetrahedrite oxidation.
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4 Conclusions

In the current investigation, we studied bioleaching of tetrahedrite sample originated from the Silver
vein of the Roznava mine, eastern Slovakia. Iron acts as an important intermediary electron carrier in the
tetrahedrite oxidation reactions.

Bacterial Fe*" oxidation rate highly outcompeted the concurrent Fe*" reduction rate at the tetrahedrite
surface, as indicated the high Fe’* to Fe*" ratio in the leaching liquors.

rate determining step
Fe'* + TET — Fe’™ + oxidation products

Abiotic leaching of tetrahedrite by acidic Fe*/Fe*" solutions approached an equilibrium between the
rate of ferrous iron oxidation by molecular oxygen and the rate of ferric iron reduction on the mineral
surface.

rate determining step
Fe’ + % 0,— Fe'"
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Abstract

Soil, the main factor affecting the course and nature of the landscape, is constantly influenced by various waste
substances that threaten the integrity and circulation of the food chain. Contamination of soils by heavy metals in
mining areas leads to deterioration of soil quality and other environmental components. During anthropogenic activities,
a large number of chemical substances enter the environment, which can be considered toxic. Among the most
contaminated areas, we include locations and regions in which enterprises that directly handle or even produce such
substances are located. Soil microorganisms, which form different communities with different diversities, play a major
role in the quality and usability of soil. Changes in their quantity and activity are important indicators of soil quality,
and are reflected in the size and thickness of the biomass created. The aim of this study was to determine the level of
heavy metal soil pollution in the surroundings of processing plant, depending on the different distances of sampling
points from the source of pollution, and to determine the effect of risk elements on enzyme activity and selected
chemical soil parameters. The total content of risk elements (Cu, As, Cd, Pb, and Zn), activity of soil urease, acid
phosphatase, alkaline phosphatase, catalase, soil reaction, organic carbon, and nutrients were determined. Risk elements
exhibit toxic effects on enzyme activity, resulting in increased soil enzyme activity with decreasing risk elements
content. Significant positive correlations were observed between risk elements and some enzymes. We found no direct
influence of risk elements to the organic carbon, soil reaction and nutrients.

Keywords: mining activities, soil enzymes, risk elements

1 Introduction

Pollution of the environment by toxic substances has industrial origins and agricultural activities.
There are huge areas in Slovakia that are polluted by high heavy metal content as a result of long-term
mining and processing activities [1, 2]. Heavy metals enter the soil environment as wastewater or dust
particles, which seriously disturb the environment and ultimately threaten human health [3]. Enzymatic
activity has been used as a relatively stable and highly sensitive biochemical indicator of soil pollution [4, 5].
The reaction of soil enzymes to the presence of toxic substances is much faster compared to the chemical
reactions and physical soil parameters [6, 7]. The importance of enzymes that represents urease, acid and
alkaline phosphatases, consists in the transformation of plant nutrients. Urease catalyses the hydrolysis of
urea into carbon dioxide and ammonia, depending on soil reaction and organic carbon [8]. Phosphatases are
important for the transformation of organic phosphorus into inorganic forms that are accessible to growth
lines. Catalase is an oxidoreductase that protects organisms from hydrogen peroxide toxicity [9].
Contamination of the soil environment owing to the high content of heavy metals is a serious problem that
negatively affects soil parameters and consequently limits the productivity and environmental function of the
soil. Numerous studies [10-12] have recorded that such polluted soils are no longer suitable for agricultural
production because they have reduced nutrient content and limited microbial diversity.

The aim of the work was to determine the influence of risk elements on selected chemical and
biological soil parameters in the cadastral territory of the municipality of Krompachy [48°55724,
1"N;20°53'59,2"E] and Slovinky [48°55'48.9"N; 20°53'51.0"E]. These localities are typical example of the
municipalities of the middle Spi§ that are characterized by long-term mining and processing ore material
focused primarily on copper production.

2 Material and methods

Soil samples were collected during the summer season, where a total of the 15 soil samples on 5
permanent grasslands (3 samples on each grassland) were collected (Figure 1). The sampling sites were
located 0.3, 1.0, 1.5, 2.5, and 5.0 km from the industrial enterprise Kovohuty Krompachy. At each sampling
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site, 500 g of the soil was sampled, stored in the plastic bag, transported to the laboratory, where part of the
samples were air-dried at the room temperatures for 1-2 weeks. Fresh soil samples were directly stored in the
fridge for the determination of soil enzyme activity. Before all analysis, the samples were homogenized and
sieved (<0.2 mm).

The total content of risk elements (Cu, As, Cd, Pb, Zn) was determined in the laboratory using the
AAS (atomic absorption spectrometry) method and RFS method (X-ray fluorescence spectrometry). Soil
reaction (pH) was determined as follows: 10 g of the soil sample was mixed in a 25 ml 0.01M CaCl, solution
using the inoLab pH 720-WTW device. The nutrient content (P, K, Mg) was determined in the laboratory
according to Mehlich III and the content of organic carbon (C,,) according to Tiurin’s method [13]. The
activity of soil urease (URE) and catalase (CAT) was determined according to Khaziev [14]. More
specifically, activity of urease was colorimetrically determined as an ammonia release after the incubation
(for 24 h at 37 °C) of soil samples with urea solution. Ammonium determination was measured by
spectrometer at 410 nm. Activity of acid (ACP) and alkaline phosphatase (ALP) was colorimetrically
determined as a phenol release after the incubation (for 3 h at 37 °C) of soil samples with phenyl phosphate
solution and acetate buffer (for acid phosphatase) and acetate buffer (for alkaline phosphatase) according to
Grejtovsky [15]. Phenol release was measured by the spectrometer at 510 nm.

Statistical software Statistica 10 was used to calculate statistical analyses. Correlation dependencies
between soil characteristics were calculated according to Spearman correlation coefficient.

.~ @ sampling sites

' A source of pollution -
Kovohuty Krompachy

Fig. 1. Soil sampling sites

3 Results and discussion
3.1 Risk elements content

Determined values of risk elements at five sampling points located at different distances from the
source of pollution are listed in Table 1. Serious copper contamination was detected at sampling point 1
where the limit value of copper was exceeded 1.5 times and at site 4, where up to 21 times the limit value of
this element was exceeded. Arsenic and cadmium showed the highest values at location 1, which represented
a pile of mining material mixed with the debris from the mine. It has been proven several times that landfills
of mining contain sludge from the production of copper and zinc [16] and solid waste, which is used to build
piles of mining material, contains residues of lead, arsenic and cadmium [17], the presence of which was
confirmed by our study. Extremely high and above limit values of copper, lead and zinc were measured at
site 4, which is located to the west of the industrial company and therefore in the direction of the prevailing
winds. The lowest values of risk elements were measured at site 5, which is located at the greatest distance
from the source of pollution and at the same time away from the prevailing wind direction. Values (median
+standard deviation) of the total content of copper (718+451.3) and arsenic (168+£53.83) were above the
permitted limit value in all evaluated places. The same situation, with the exception of site 5, was detected
for cadmium (2.9+1.7), lead (218+136.9) and zinc (857+423.1). In accordance with our findings, the study of
Hronec et al. [18] recorded above-limit values in Krompachy locality of cadmium, copper, zinc and arsenic.
There was the significant correlation (P<0.05) among all evaluated risk elements (with the exception
between Zn and Pb).
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Table 1. The values of risk elements determined at sampling sites and their limit values

Risk elements Cu | As | Cd | Pb | Zn
(mg/kg)
min 89 39 0.5 25 126
max 1271 181 5.7 380 1333
average 745 135 3.1 229 760
standard deviation 505 60 1.9 153 473
limit value* 60 25 0.7 70 150

Limit values for Slovak soils according to Act n0.188/2003 Coll. of laws [19]

3.2 Soil chemical characteristics

The chemical properties determined for the individual sampling sites are shown in Table 2. The values
of the soil reaction (pH) ranged from weakly alkaline (7.5; site 1) to acidic (4.6; site 4) (Table 2). The value
of organic carbon (C,y) ranged from medium to very high values, but statistical testing did not confirm any
direct dependence of this parameter with respect to the distance of the sampling point from the pollution
source. According to the agrochemical standards valid for medium-heavy soils of Slovakia, the optimal
values for individual nutrients are as follows: phosphorus (66-100 mg/kg), potassium (151-210 mg/kg), and
magnesium (131-175 mg/kg). In places where high magnesium values were determined, potassium and
phosphorus values were below optimal values, while the lowest phosphorus and potassium values were
determined in the least polluted locations. Compared to uncontaminated soils, polluted soils have few
nutrients, which negatively affects plant production [20].

Table 2. Average values of soil properties at individual sampling points

Sampling points pH Cox (%) P (mg/kg) K (mg/kg) Mg (mg/kg)
1 7.5 1.64 15 101 280
2 6.0 3.68 69 50 235
2 4.9 2.71 40 45 266
4 4.6 5.49 179 216 101
5 4.9 2.05 99 374 102

3.3 Soil biological characteristics

Monitoring methods aimed at evaluating microbiological and biological soil parameters are
successfully used to determine the degree of soil pollution. The activity of soil urease (0.2+0.108) varied
depending on the distance of the sampling site from the pollution source. Urease activity was higher at the
least polluted site by more than 180 % compared to the most polluted site. The activity of acid (183+59.14)
and alkaline phosphatase (122.3+36.7) varied depending on the content of risk elements in the soil. The
highest value of acid and alkaline phosphatase was detected at site 5, which was the least polluted site.
Compared to the site 1, that represents the most polluted site, phosphatases activity increased by 178 % in
the case of acid and 89 % in the case of alkaline phosphatase. Some studies report [6, 21] that phosphatases
do not change significantly due to the medium-high content of heavy metals in the soil environment, but the
high content of these toxic elements has an inhibitory effect on their activity. The activity of soil catalase
(0.41£0.06) changed insignificantly compared to other enzymes. Wang et al. [22] reported that some
contaminants have the ability to increase catalase activity under specific conditions. The results of our
research confirmed that soil pollution by risk elements was associated with a decrease in the activity of soil
enzymes. Due to the fact that microbes consume a lot of energy to adapt to a polluted environment, their
activity decreases [23]. In soil ecosystems, the increased content of heavy metals has a negative effect on the
number and activity of microorganisms. The authors [6, 24, 25] explained the effect of heavy metals on
enzyme activity as follows: i) metals react with sulthydryl groups of enzymes, which cause inhibition or
deactivation of enzymatic activity. ii) metals indirectly affect the activity of enzymes by changing the
microbial community that synthesizes these enzymes; iii) a combination of these factors.

3.4 Correlation dependences among evaluated soil parameters

The results of statistical testing confirmed a significant positive relationship (P<0.05) between urease
and acid phosphatase, which is consistent with the findings of Khan et al. [26]. A significant positive
dependence was also shown between acid and alkaline phosphatase. Risk elements have a complex effect on
enzymatic activity, with different enzymes reacting to heavy metals in different ways (Table 3). In the case
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of urease, we noted a significant negative correlation with total arsenic content (P<0.05). The changes in soil
urease activity due to the content of risk elements were reported by Zhang et al. [20], that was also confirmed
by our study. At the same time, a significant negative correlation was found between acid phosphatase and
the total content of arsenic and cadmium (P<0.05), which coincides with the findings of Wieczorek et al.
[27], who detected the negative effect of cadmium on acid phosphatase. Alkaline phosphatase was negatively
significantly dependent (P<0.05) with all monitored risk elements (with the exception of cadmium). In the
study of Giilser and Erdogan [28], the authors focused on the effect of heavy metals on alkaline phosphatase,
and their findings, as in our case, confirmed the dependence of alkaline phosphatase with all evaluated risk
elements, except cadmium. In agreement with the works of some authors [9, 29, 30] that carried out research
on localities affected by mining activity, have shown a serious impact of heavy metals on the activity of soil
enzymes. In the case of catalase, any significant correlation was shown with the evaluated risk elements. Soil
catalase activity is more likely more tolerant to high heavy metal content compared to other enzymes.

Table 3. Correlation among the activity of soil enzymes and the total content of risk elements
Cu As Cd Pb Zn
URE ns -0.939* ns ns ns
ACP ns -0.922* -90.932* ns ns
ALP -0.924* -0.941* ns -0.924* -0.912*
CAT ns ns ns ns ns
pH ns ns ns ns ns
Cox ns ns ns ns ns
P ns ns ns ns ns
K ns ns ns ns ns
Mg ns ns ns ns ns
Cu 0.895* 0.914* 0.999** 0.971**
As 0.891* 0.903* 0.902*
Cd 0.932* ns
Pb 0.962**

URE - urease, ACP - acid phosphatase, ALP - alkaline phosphatase, CAT - catalase, Cox . organic carbon
*P<0.05, **P< 0.001, significant relationship are shown in bold, ns - no significance

In the case of the soil reaction, we found a positive (not significant) dependence with all risk elements
and a negative correlation with soil enzymes, organic carbon and nutrients. Salazar et al. [31] showed the
similar results and noted a negative correlation between soil reaction and soil enzyme activity. A negative
correlation dependence was found between magnesium and other nutrients, but it was significant only in the
case of phosphorus (P<0.05). At the same time, we noted a significant positive correlation between
potassium and soil urease activity (Table 4). A number of authors dealt with the relationship between
enzyme activity and soil parameters, e.g. organic carbon. Badiane et al. [32] found no direct relationship
between these two soil characteristics, which agrees with our results. A positive, although not significant,
relationship was found between organic carbon and all evaluated risk elements, which agrees with the
findings of some authors [33, 34]. At the same time, we did not notice any statistically significant
dependence between the evaluated soil parameters with the respect to the distance of the sampling point from
the pollution source.

Table 4. Correlation among soil characteristics

ACP ALP CAT pH Cox P K Mg
URE | 0.943* n ns ns ns ns 0.881* ns
ACP 0.945* ns ns ns ns ns ns
ALP ns ns ns ns ns ns
CAT ns ns ns ns ns
pH ns ns ns ns
Cox ns ns ns
P ns -0.884*
K ns

URE - urease, ACP - acid phosphatase, ALP - alkaline phosphatase, CAT - catalase, Cox . organic carbon
*P< 0.05, significant relationship are shown in bold, ns - no significance
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4 Conclusions

The determined values of risk elements at all evaluated localities exceeded the limit values determined
for the soils of Slovakia. As the content of risk elements increased, the activity of soil enzymes decreased.
Contamination of the environment with risk elements in the vicinity of mining areas negatively affects the
activity of urease, acid and alkaline phosphatase. We noted a positive significant relationship between urease
and acid phosphatase, as well as alkaline phosphatase. None of the evaluated soil characteristics had an
impact on the nutrient content. We did not notice a relationship between organic carbon and soil enzyme
activity, but a positive relationship was found between organic carbon and total risk elements content. It was
statistically confirmed that the evaluated soil characteristics were not affected by the distance of the sampling
point from the pollution source.
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Abstract

The composition of groundwater, surface water, and mining water, as well as the methods by which they are treated in
water treatment plants, determine the properties of the sludge produced as a result of technological processes.

In the article, the authors present an innovative approach to evaluating the contamination of sludge from sand filter beds
by selected metals. They outline the principles and assess the effectiveness of dissolving the sludge accumulated on
sand bed filters under the influence of disinfectants commonly used in water treatment plants. They conducted an
assessment of the mobility of metals using the Rudd speciation method, which involves sequential chemical extraction
by treating the sludge with solutions of increasing leaching strength.

In the sludge retained on the sand filter from a zinc and lead ore mine, zinc was found in sulfide form (44.08 %) and
carbonate-bound form (41.33 %). Other forms, such as zinc bound to organic matter, exchangeable zinc, and adsorbed
zinc, were present in negligible amounts. In the sludge from the zinc and lead ore mine, lead was found mostly in the
carbonate form (43.03 %) and sulfide form (29.93 %). The other forms constituted a small percentage. The sludge from
the surface of the filter mainly contained zinc and lead sulfides, which, under the influence of oxidizing agents,
dissolved into the solution as sulfates.

The article summarizes the current state of knowledge regarding the dissolution of metal compounds under the
influence of disinfectants before conducting research on the introduction of nanoxidation technology.

Keywords: dissolving sediments, sediments from sand deposits, metal contamination, water treatment

1 Introduction

The new European Parliament and Council Directive on the quality of water intended for human
consumption (2020/2184) [1] imposes priority actions on Member States to minimize the risk of metal
contamination in water environments. This opens opportunities for studying water quality not only at its
extraction points but also during water intake and treatment processes. The practical implementation of
Directive 2020/2184 [1] necessitates a review of operational practices to ensure that water suppliers have
reliable knowledge of the forms in which metals occur in the aquatic environment.

The presence of metals in drinking water is caused by several factors, including the geological
structure of the area where the water is sourced, the presence of compounds in the raw water (often due to
sewage discharge upstream from the water intake), reduction of these substances through water treatment
processes, such as metal precipitation, and the increase in metal and metalloid concentrations during the
treatment process.

The authors of the research study examined the effect of oxidizers (disinfectants) on the dissolution of
selected sludge retained on sand filters and sludge from zinc and lead ore mines. Heavy metals are
commonly found in the mine drainage water of ore mines, primarily due to the oxidation of sulfide ores and
the breakdown of carbonate ores [2]. The oxidation of sulfides lowers the pH of the water, leading to the
dissolution of heavy metal hydroxides and hydrated oxides.

Mine drainage water from mine dewatering often poses a serious problem for surface water bodies due
to its low pH and high levels of salts and heavy metals [3, 4]. Biological treatment of mine drainage water
involves using algae to adjust pH and adsorb heavy metals. In a 14-day treatment process, depending on light
intensity, 80-95 % of zinc, lead, and copper can be removed. Closing a lead mine does not immediately
reduce heavy metal levels in the river where the sludge was deposited [2]. Waste rocks and flotation tailings
also affect the heavy metal content of the surrounding plants. Due to the high levels of lead and zinc in the
soil, the lead content in plant roots is also high, ranging from 800 to 1050 ppm [5]. Lead demonstrates a
lower migration potential in soil profiles compared to other elements [6, 7].
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The zinc and lead content in sludge is primarily due to the insoluble forms of these elements and the
strong sorption properties of clay minerals, iron, and manganese hydroxides. Metal compounds that
precipitate under specific conditions can be reoxidized and dissolved. As a result, sludge acts as a reservoir
of metals. Changes in pH, oxygen concentration, carbon dioxide levels, and redox potential contribute to
shifts in the forms of heavy metal ions present in the water [8-12].

Metals in sludge can exist in various forms: exchangeable, carbonate-bound, organic, sulfide-bound,
and residual. The exchangeable form includes trace metals that are exchangeable bound to solid particles,
influenced by sorption and desorption phenomena. The carbonate form comprises trace metals associated
with carbonates, and its size changes with pH. Organic forms are linked to different types of organic matter,
which can be released under oxidizing conditions. The sulfide form includes metals bound to sulfides, which
depend on oxidizing-reducing conditions. The residual form includes metals strongly bound within the
crystal lattice, released only by strong mineral acids.

The mobility of trace metals can be assessed using sequential chemical extraction, where sludge is
treated with solutions of increasing leaching strength. This allows for the identification of specific metal
forms, representing only a portion of the total content. For fractionation, the Rudd speciation method can be
used. In a given sample, the following metal forms can be identified:

- Exchangeable metals;

- Adsorbed metals;

- Metals bound to organic matter;

- Metals bound to carbonates;

- Metals in sulfide form.

According to the Rudd method, exchangeable, adsorbed, organic-bound, carbonate-bound, and
sulfide-bound metals are sequentially extracted using solutions of 1M KNOs, 0.5M KF, 0.1M Na,P,0,, 0.1M
EDTA, and 6M HNO;, respectively [13-16].

The metal content in the tested samples after sequential chemical extraction or total mineralization can
be measured using atomic absorption spectrometry. This method is based on the absorption of light at a
wavelength specific to the element being analyzed by unexcited atoms of that element, using an atomic
absorption spectrophotometer [17-18].

2 Material and methods
2.1 Research setup

The sludge used for the study was sourced from a Water Treatment Plant located in Chrzanow County,
within the Matopolska Voivodeship. The water treated in this system was mine water from a zinc and lead
mine, which is why the authors also analysed sludge originating from the mine. Sodium hypochlorite
(NaOCl) was dosed into the water before it passed through the sand filters.

water from the mine NaOCl consuments

settlers l > sand filters

v

v

Fig. 1. Block diagram of water treatment processes

Before the tests, the sludge was dried and ground by crushing it in a porcelain mortar. The diagram of
the research setup is shown in Figure 2.

The appropriate reagent (NaOCl + LB-151.2 quartz lamp by Bak Med Lo6dz, KMnO,, H,0, + LB-
151.2 quartz lamp, CO,, O;) from the tank (1) was pumped into the reaction vessel (3) using a peristaltic
pump (2) PP 1B - 05. The reaction vessel contained a previously prepared mixture of 1000 ml of water and
the appropriate amount of sludge. These reagents were dosed continuously or once directly into the reaction
vessel. During the experiment, with continuous stirring, samples were taken, and measurements of pH (pH
meter CP - 315 by Elmetron), potential (CPC - 551 by Elmetron), and conductivity (CC - 311 by Elmetron)
were conducted.
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2.2 Research methodology
2.2.1 Investigation of zinc and lead forms in sludge (speciation) retained on sand filters

To determine the total amount of metals (Zn, Pb, and Mn), a sludge sample weighing approximately
1 g was subjected to mineralization. To identify the specific compounds in which these metals occur, a
speciation analysis was conducted. For this purpose, a 1 g sludge sample was sequentially treated with the
following reagents at specific concentrations: 1M KNO;, 0.5M KF, 0.1M Na,P,0,, 0.1M EDTA, and
6M HNOs, in 25 cm’ volumes.

After adding the first reagent to the sludge, the mixture was shaken for 60 minutes and then left to
stand for 24 hours. After this period, the mixture was shaken again for 10 minutes and centrifuged for
15 minutes, and the supernatant liquid was separated from the sludge. The sludge was then washed with
distilled water, shaken for 15 minutes, and centrifuged again, after which the supernatant was separated.
These steps were repeated for the remaining reagents. The zinc and lead content was determined in each
sample.

2.2.2  Study of the effect of sodium hypochlorite on the leaching of zinc and lead from sludge

To determine the effect of NaOCI on the leaching of zinc and lead from sludge, an experiment was
conducted using different sludge amounts: 2 g, 4 g, and 6 g. The experiment was carried out in two ways:

Method 1: In a beaker containing 1000 cm’ of water with a given amount of sludge, 20 cm’ of NaOCl
was added. The NaOCI solution contained 2240 mg Cl,/L. While continuously stirring, measurements and
samples were taken at specific time intervals. In these samples, the content of zinc and lead, as well as
manganese, was determined. The experiment lasted 180 minutes.

Method 2: In a beaker containing 1000 cm® of water with a given amount of sludge, NaOCI was
continuously supplied for the first 90 minutes at a flow rate of 50 cm’/h. The entire experiment lasted
300 minutes. Samples were taken at specific time intervals, and the content of zinc, lead, and manganese was
determined.

2.2.3 Study of the effect of hydrogen peroxide on the leaching of zinc and lead from sludge

To investigate the effect of HO, on the leaching of zinc and lead from the sludge, an experiment was
conducted with 2 g and 4 g of sludge. In each trial, 1000 cm’ of water was used, and 30 % hydrogen
peroxide was continuously supplied for 90 minutes at a flow rate of 50 cm’/h. Measurements and sampling
were carried out over 210 minutes. A similar experiment was conducted with simultancous UV radiation
exposure. The collected samples were analysed for zinc, lead, and manganese content.

2.2.4 Study of the effect of potassium permanganate on the leaching of zinc and lead from sludge

To examine the effect of KMnO, on zinc and lead leaching from the sludge, 2 g of sludge was added
to a beaker containing 1000 cm® of water. Potassium permanganate was continuously supplied at a constant
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flow rate of 50 cm’/h, with continuous stirring for 90 minutes. Measurements and sample collection were
carried out over 300 minutes, and the samples were analysed for zinc, lead, and manganese content.

2.2.5 Study of the effect of UV radiation on the leaching of zinc and lead from sludge

The effect of UV radiation on the release of zinc and lead from sludge was examined in conjunction
with other compounds, such as NaOCI and H,0,. The experiment was conducted over 300 minutes, with
NaOCl or H,O, supplied to the reaction vessel during the first 90 minutes at a flow rate of 50 cm’/h.
Measurements and sample collection were performed at specific time intervals to determine zinc, lead, and
manganese content.

2.2.6  Study of the effect of carbon dioxide on the leaching of zinc and lead from sludge

The effect of CO, on the release of zinc and lead from the sludge was experimentally determined. For
this experiment, 500 cm’® of water and 1 g of sludge were used. CO, was supplied to the reaction vessel for
60 minutes, and during this time, measurements and sample collection were carried out at specific intervals
to analyze the zinc, lead, and manganese content.

2.2.7 Study of the effect of 0zone on the leaching of zinc and lead from sludge

To determine the effect of ozone on the release of zinc and lead from the sludge, an experiment was
conducted by passing ozone through the tested water. The experiment lasted for 15 minutes with a flow rate
of 0.1 m*/h. During the experiment, 25 g of Os per cubic meter of water was used.

3 Results and discussion
3.1 Forms of lead and zinc in the sludge

According to the speciation analysis (Table 1), the highest amounts of zinc in the sludge are found in
the sulfide form. Among the samples analysed, this form ranges from 44.08 % to 67.30 % of the total zinc
content. Zinc associated with carbonates constitutes 24.19 % to 41.33 % of the total. Zinc bound to organic
matter accounts for 6.08 % to 11.65 % of the total zinc content, while exchangeable zinc is only 0.02 % to
0.03 %, and adsorbed zinc makes up 0.02 % to 0.09 % of the sludge.

Table 1. Zinc content in the sediment

Percentage of zinc forms [%] Total Zn
Sample KNO, | KF | Na,P,0, | EDTA | HNO; sl;eec?t?;:gfn after nl[l;egzlhzam“
1 0.03 | 0.04 6.08 | 24.19 | 67.30 2.35 14.631
2 002 | 004 7.01 3262 | 5775 2.56 25.331
3 002 | 007 670 | 2825 | 62.71 2.25 23.235
4 0.03 | 0.03 6.69 | 27.05 | 64.10 2.09 25.903
5 002 | 0.03 700 | 27.09 | 63.29 2.56 23.706
6 0.03 | 0.09 732 | 2626 | 64.09 221 24.298
7 002 | 0.04 705 | 26.14 | 6524 1.52 29.408
8 002 | 003 6.80 | 26.66 | 65.90 0.59 24.008
Sediment from | > | 5 11.65 | 4133 | 44.08 2.91 32.905
the filter surface

Compared to zinc, lead occurs in somewhat different quantities. The largest proportion of lead is
found in the carbonate form, ranging from 33.63 % to 43.03 %. In most of the samples analysed, lead
compounds associated with organic matter constitute 15.01 % to 26.11 %, while lead in the sulphide form
ranges from 10.83 % to 19.22 %. In each of these samples, the amount of lead associated with organic matter
was greater than that in the sulphide form. An exception was the sample taken from the surface of the filter,
where the amount of lead in the sulphide form was 29.93 %, while that associated with organic matter was
2.19 %. This sample contained the highest proportion of lead associated with carbonates, at 43.03 %. The
remaining forms of lead were present in minor quantities, with adsorbed lead ranging from 0.03 % to 0.20 %
and exchangeable lead from 0.02 % to 0.08 % (Table 2).
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Table 2. Lead content in the sediment

Percentage of lead forms [%] Total Pb
Sample KNO; | KF | Na,P,0, | EDTA | HNO, sl;eec?t?;:gfn after m[l:;egzlhzatmn

1 008 | 0.18 2245 | 3477 | 1922 23.31 15.518

2 0.04 | 0.04 1734 | 3670 | 12.41 33.47 10.690

3 0.04 | 0.03 17.77 | 3522 | 13.43 33.52 9.643

4 0.06 | 0.04 20.80 | 41.17 | 14.03 23.90 11.049

5 004 | 0.05 1639 | 3515 | 13.69 34.68 10.939

6 0.03 | 0.03 1501 | 37.72 | 1331 33.91 12.015

7 0.04 | 0.20 26.11 | 33.63 | 13.86 26.17 15.062

8 0.04 | 0.16 2234 | 3787 | 13.69 25.90 12.069
tﬁ:‘g{iinstufrrgé‘e 0.02 | 0.06 2.19 | 43.03 | 29.93 24.77 10.205

3.2 Effect of Sodium Hypochlorite (NaOCI) on Zinc and Lead Leaching

The amount of zinc, lead, and manganese released under the influence of NaOCI varied depending on
the method of the process. In the experiment where 20 cm® of NaOCI was introduced all at once into the
reaction vessel, the maximum amount of zinc leached from 2 g, 4 g, and 6 g of sludge, with initial metal
concentrations in water of 1.886 mg/L, 1.632 mg/L, and 1.409 mg/L respectively, was 19.873 mg/L,
19.737 mg/L, and 18.789 mg/L. Zinc leaching occurred within the first five minutes, after which the amount
of Zn began to decrease (Figure 3).
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Fig. 3. The effect of NaOCI on the leaching of zinc from the sediment retained on the filters

For lead, the initial concentrations were 106.22 pg/L for 2 g of sludge, 116.17 ug/L for 4 g of sludge,
and 132.85 pg/L for 6 g of sludge. The maximum amount of lead released under the influence of NaOCl was
549.46 pg/L, 626.41 ng/L, and 345.29 ug/L, respectively. Similar to zinc, lead leaching occurred within the
first 5-7 minutes, after which the amount of lead began to decrease, as shown in Figure 4.

Mangan behaves differently depending on its quantity when exposed to NaOCI added all at once to a
mixture of water and sediment. For 4 g and 6 g of sediment, the amount of manganese in the water increased
to a maximum value of 619.97 ug/L and 791.03 ug/L, respectively. In the case of 2 g of sediment, the
amount of manganese in the solution decreased. Its minimum concentration in the water was 164.73 pg/L,
but later it increased.
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Fig. 4. The effect of NaOCI on the leaching of lead from the sediment retained on the filters

During the experiment with 2 g of sediment, the pH decreased from 7.64 to 7.05 during the first
10 minutes, then increased again to 7.62. The potential, after the addition of NaOCI to the water, increased
from 310 mV to 704 mV and then began to decrease, ending at 308 mV. In the experiment with 4 g of
sediment, the pH decreased from 7.71 to 7.14 and then increased to 7.62. The potential increased from
318 mV to 582 mV and then decreased to 272 mV over the course of the experiment. For 6 g of sediment,
the pH decreased from 7.71 to 7.14 and then increased to 7.64. The potential increased from 299 mV to
422 mV and then decreased to 271 mV during the process.

In the experiment where chlorine was continuously supplied to the reaction vessel, the initial zinc
content was 1.082 mg/L for 2 g of sediment, 0.939 mg/L for 4 g, and 0.628 mg/L for 6 g. The maximum
amount of zinc released from 2 g of sediment was 14.219 mg/L, from 4 g of sediment was 12.707 mg/L, and
from 6 g was 11.847 mg/L. After stopping the NaOCI supply, the zinc amount started to decrease. For lead,
the situation was similar except that the amount of lead in the water initially increased for 4 g and 6 g of
sediment, then decreased and began to increase again. The lead release process from 2 g of sediment showed
a continuous increase in lead in the water throughout the experiment. The manganese release process under
continuous NaOCI supply was similar to the zinc release process, i.e. for 2 g, 4 g, and 6 g, the amount of
manganese in the water increased while NaOCl was supplied and then began to decrease. The maximum
amount of manganese in the water was 496.75 ng/L for 6 g.

In the experiment where NaOCl was continuously supplied, pH decreased and the potential increased
until the NaOCI supply was stopped, after which the pH began to rise and the potential decreased. For 2 g,
4 g, and 6 g of sediment, the initial pH values were 8.01, 8.03, and 7.99, respectively, which decreased to
7.54, 7.62, and 7.59 and then increased to 7.74, 7.82, and 7.84. The potential values initially were 244 mV
for 2 g, 246 mV for 4 g, and 216 mV for 6 g. These values increased to 608 mV, 369 mV, and 329 mV,
respectively. At the end of the process, the potential values were 302 mV for 2 g, 248 mV for 4 g, and 234 V
for6 g.

In the experiment where NaOCl was applied with UV radiation, the zinc release process from the
sediment proceeded until NaOCI supply was stopped, after which the zinc amount in the solution began to
decrease. The maximum zinc amounts released were 12.428 mg/L for 2 g of sediment, 15.143 mg/L for 4 g,
and 10.798 mg/L for 6 g.

The lead release process from sediment showed variability. Similar to other reagents, the amount of
lead in the water increased in the first minutes, then decreased and increased again. The maximum lead
released from 2 g of sediment was 244.70 pg/L (initially 31.60 pg/L), from 4 g was 236.73 pg/L (initially
37.50 ug/L), and from 6 g was 173.70 pg/L (initially 50.83 pg/L). The manganese amount under NaOCl and
UV exposure increased in the water while NaOCI was supplied and then began to decrease. The maximum
manganese concentrations were: 226.11 pg/L for 2 g, 375.53 ng/L for 4 g, and 499.36 pg/L for 6 g.
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In the experiment with continuous NaOCI supply supported by UV radiation, pH decreased and the
potential increased until NaOCI supply was stopped. After that, pH began to rise and the potential decreased.
For 2 g, 4 g, and 6 g of sediment, the initial pH values were 7.96, 8.01, and 8.00, which decreased to 7.48,
7.61, and 7.58 and then increased to 7.75, 7.79, and 7.85. The potential values initially were 245 mV for 2 g,
244 mV for 4 g, and 228 mV for 6 g, rising to 458 mV, 366 mV, and 346 mV, respectively. At the end of the
process, the potential values were 243 mV for 2 g, 238 mV for 4 g, and 244 mV for 6 g.

3.3 Effect of hydrogen peroxide on the leaching of zinc and lead
The process of leaching zinc, lead, and manganese from sediment under the influence of H,O, for 4 g
of sediment is presented in Table 3.

Table 3. Zinc, lead and manganese isolated from 4 g of sediment under the influence of H,O, and UV

t [min] pH mV uS Zn [mg/L] | Mn [pg/L] | Pb [pg/L]
0 7.98 247 1361 0.527 194.43 42.03
1 8.01 247 1352 0.417 218.13 83.91
2 8.01 248 1354 0.418 226.98 121.18
5 7.99 249 1357 0.444 228.57 172.63

7,5 7.98 250 1356 0.506 234.57 192.00
10 7.96 251 1358 0.553 265.55 202.57
15 7.93 254 1362 0.777 287.91 201.43
20 7.92 259 1365 1.172 346.93 203.72
25 7.88 261 1360 1.699 407.65 199.39
30 7.86 264 1345 2.952 440.22 246.30
45 7.86 269 1349 5.389 489.63 276.42
60 7.85 271 1345 8.390 431.98 256.78
90 7.83 270 1283 14.358 377.00 279.64
120 7.73 267 1416 19.575 327.65 265.57
150 7.76 263 1323 23.312 293.79 236.22
180 7.88 261 1336 22.489 298.95 260.18
210 7.92 259 1140 20.623 297.47 238.05

The process of zinc leaching occurred slowly. The increase in zinc concentration in the solution

happened while H,O, was being added. After stopping the supply, the amount of zinc leached began to
decrease. For lead, its concentration in the water increased to 419.41 pg/L for 4 g of sediment during the
experiment. After discontinuing the H,O, supply, the amount of lead leached from the sediment began to
decrease. Under the influence of H,0,, manganese transitioned into the solution, with a maximum
concentration of 293.63 ug/L for 4 g of sediment.
In the experiment with hydrogen peroxide combined with UV irradiation, the zinc leaching process from the
sediment was similar to the experiment with H,O, alone. The initial zinc concentrations were 1.307 mg/L
and 0.527 mg/L. Similarly, after stopping the hydrogen peroxide supply and continuing UV irradiation, the
amount of zinc began to decrease. The lead leaching process under the influence of H,O, and UV irradiation
also showed a similar trend, but with slightly lower concentrations. The maximum amount of lead leached
from 2 g of sediment was 346.60 pg/L, while from 4 g it was 279.64 pg/L. Manganese behaved similarly to
zinc and lead under H,O, and UV radiation, increasing in concentration during the H,O, supply and
decreasing after the supply was stopped.

3.4 Discussion of the effect of potassium permanganate (VII) on the leaching of zinc and lead

The effect of potassium permanganate (VII) on zinc contained in sediment retained on sand filters,
under laboratory conditions, was different from the effects of other reagents. During the process, no increase
in the amount of zinc in the water was observed; rather, the opposite phenomenon was noted according to the
reaction. The reaction likely occurring was:

ZnS + MnO, — ZnO + MnO + S
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The concentration of zinc in the solution decreased over time. Its initial concentration was 1.420 mg/L,
and at the end of the process, it was 0.703 mg/L. The change in zinc concentration over time is graphically
represented in Figure 21.

The impact of KMnOy on the leaching of lead from the sediment differed from that on zinc. After an
initial increase in lead concentration in the water during the first 10 minutes, the amount decreased to
93.40 pg/L and then showed a general increasing trend for the remainder of the process.

The manganese concentration in the water under the influence of KMnO, decreased to 8.88 ug/L
within the first few minutes, then began to increase until the KMnO, supply was stopped, reaching a value of
201.79 ug/L. Subsequently, the manganese concentration in the water started to decrease. This is likely due
to the transition of manganese to less soluble forms, such as:

2MnO,” + 3Mn*" + 2H,0 — 5MnO, + 4H"
Mn*" + MnO, + H,O — Mn,O; + 2H"

The manganese leaching process is shown in Table 4.

Table 4. Zinc, lead and manganese separated from 2 g of sediment under the influence of KMnO,

t [min] pH mV uS Zn [mg/L] | Mn [pg/L] Pb [pg/L]
0 7.93 252 1415 1.420 141.80 57.69
1 7.92 470 1410 1.334 52.87 123.17
2 7.92 512 1405 1.378 19.34 129.51
3 7.93 523 1400 1.320 15.21 128.71
4 7.94 530 1407 1.323 8.88 136.91
5 7.93 532 1406 1.295 14.32 145.90

7,5 7.94 539 1404 1.233 11.98 148.98
10 7.93 539 1404 1.233 5.07 151.22
15 7.96 542 1390 1.196 5.36 118.32
20 7.97 545 1394 1.173 14.18 104.90
25 7.99 546 1389 1.137 14.53 93.45
30 7.99 546 1384 1.133 41.61 94.36
45 7.99 548 1371 1.049 81.25 108.35
60 8.01 550 1357 0.931 164.67 107.49
90 8.02 560 1340 0.912 201.79 117.27
120 8.03 569 1312 0.927 151.22 126.69
150 8.05 564 1313 0.904 99.35 129.74
180 8.08 552 1313 0.868 11.73 130.12
210 8.12 535 1316 0.878 0 152.89
240 8.14 491 1324 0.716 0 156.87
270 8.16 460 1327 0.703 0 169.70
300 8.19 438 1327 0.732 0 177.78

3.5 The influence of carbon dioxide (IV) on the leaching of zinc and lead

Under the influence of CO,, the concentration of zinc in the solution increased during the first
2 minutes. The maximum amount of zinc released during this time was 16.476 mg/L, with an initial
concentration of 3.544 mg/L in the solution. After this period, the amount of zinc released remained nearly
constant, fluctuating between 15 and 17 mg/L until the end of the process.

The maximum amount of lead released from 2 g of sediment under the influence of CO,, with an
initial concentration of 45.67 pg/L in the water, was 262.47 pg/L. The zinc and lead concentrations under
CO, influence are graphically represented in Figures 39 and 40.

Under CO, influence, the manganese concentration in the water increased, reaching a maximum of
1009.01 pg/L. After 10 minutes of the process, the manganese concentration stabilized at a nearly constant
level.

The pH decreased from 7.79 to 5.75 during the first 10 minutes, then increased slightly to 5.93. The
potential initially increased from 301 mV to 545 mV, and then decreased to 494 mV.

45



6" International Scientific Conference on Biotechnology and Metals

3.6 The influence of ozone on the leaching of zinc and lead

The maximum amount of zinc released from the sediment under the influence of ozone after
15 minutes was 38.709 mg/L. The maximum amounts of lead and manganese released from the sediment
were 442.00 pg/L and 16.61 pg/L, respectively, with initial concentrations of these metals being 2.47 ug/L
for lead and 347.23 ug/L for manganese. The pH, conductivity, and potential values changed as follows: pH
decreased from 8.09 to 7.62; conductivity decreased from 1421 uS to 1340 uS; and potential increased from
225 mV to 862 mV.

4 Conclusions

In the sediment collected from a sand filter at a zinc and lead ore mine, zinc was predominantly
present in the form of sulfides (44.08 %) and associated with carbonates (41.33 %). The remaining forms,
such as organic-bound zinc, exchangeable zinc, and adsorbed zinc, constituted minor amounts. In the
sediment from the same mine, lead was mostly found in carbonate form (43.03 %) and sulfide form
(29.93 %), with the remaining forms being in minor proportions. The sediment from the surface of the filter
primarily contained zinc and lead sulfides, which, under the influence of oxidizers, were converted into
sulfates and released into the solution.

The largest amounts of zinc and lead were released under the influence of H,O,. Ultraviolet rays had an
inhibitory effect on the release of zinc and lead into the water. Potassium permanganate did not cause the
release of zinc from the sediment but did lead to the release of lead into the water. In contrast, carbon dioxide
caused the immediate release of zinc and lead from the sediment. The process of zinc and lead release from
the sediment was associated with the release of manganese. This process had a greater impact on lead release
than on zinc release.

The problem of excessive zinc and lead in the treated water at the Water Treatment Plant is most likely
due to the use of an inappropriate disinfectant. To select the appropriate disinfectant, further studies are
needed.
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Abstract

Landfill leachate with a high concentration of fluorides (1470 mg.L'l) and cyanides (75 mg.L") poses a significant risk
of environmental contamination. To effectively remove fluorides and cyanides, an electrocoagulation approach was
tested. Electrocoagulation is a process of passing a steady direct electric current through a liquid using aluminium or
iron electrodes (so-called sacrificial electrodes) to remove impurities from water. The most effective removal of
fluorides was observed with Al-electrodes. Various current densities of 8§ mA.cm™ and 24 mA.cm™ were tested. Another
important parameter in Al-electrocoagulation is pH, which must be maintained in the range of pH 6 - 8 during the
process. Using Al-electrodes, fluoride removal ranged from about 33 % at a current density of 8 mA.cm™ (without
continuous pH adjustment) to 95 % at 24 mA.cm™? (with continuous pH adjustment). Cyanide removal reached a
maximum efficiency of 15 %. Therefore, the next step - BDD electrooxidation was examined. During BDD
electrooxidation, chlorates and perchlorates are produced as intermediate products, which can be reduced to chlorides
through bacterial reduction. However, these steps are still under investigation and will not be part of this report.

Keywords: aluminium electrocoagulation, landfill leachate, cyanides, fluorides

1 Introduction

Fluorine is a vital element for the human body [1]. However, excessive amounts of fluoride ions in
drinking water pose a significant public health concern due to their beneficial and detrimental effects. While
an optimal fluoride concentration of 1 mg L™ helps prevent dental caries, prolonged exposure to drinking
water with high fluoride levels (1.5 mg.L™") can cause dental and skeletal fluorosis [2]. Electrocoagulation
(EC) is a water treatment method that removes impurities by passing a direct electric current through the
water using sacrificial electrodes, such as aluminium or iron [2, 3]. In this process, AT’ jons dissolve at the
Al-anode while hydrogen gas is produced at the cathode. The resulting coagulating agent binds with
pollutants to form larger flocs. These flocs then attach to rising gas bubbles, allowing the pollutants to float
to the water’s surface - in electrofloculation process [3].

EC and electrocoagulation/flotation (ECF) processes can be effectively utilized in a wide range of
water and wastewater treatment systems, particularly for removing inorganic contaminants (cyanides) and
pathogens [3]. These methods have demonstrated high efficiency in treatment of water, offering advantages
such as minimal sludge production, no need for chemical additives, and simple operation [3, 4].

The contaminated landfill leachate comes from a partially recultivated landfill near Ziar nad Hronom.
Waste from aluminium production at ZSNP was disposed of at an industrial waste landfill. The landfill was
created in the 1963. During the operation of the landfill, municipal waste was also deposited in the landfill.
The operation of the landfill was terminated in 1998. The leachate is characterized by a high fluoride
concentration of up to 1400 mg.L™" and cyanide concentration 75 mg.L ', and high base pH ~ 10 pose a risk
to the surrounding environment [5].

2 Material and methods
2.1 Characteristics of metal binding experiment

EC of the solution was performed under galvanostatic conditions in a single-compartment (undivided)
electrochemical cell using a batch system. The electrochemical reactor consisted of a 1 L glass beaker, a
magnetic stirrer, and commercially available aluminium electrodes (dimensions 250 x 50 x 1.5 mm). The gap
between two neighbouring electrode plates was kept constant at 5 mm for all experiments. The initial pH of
the landfill leachate was between 10.17 and 10.4. The pH was adjusted with SM H,SO, before and during the
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Al-electrocoagulation process (according on tests in Table 2). Besides test (ZnH-07) where pH was adjusted
with and 4M HNO;. The water quality of contaminated landfill leachate is described in Table 1.

Table 1. The analysis of water

Concentration Concentration
Item 1 Item 1
mg.L mg.L
Na* 7977.6 F 1426
K* 25.52 Cr 195.31
Li' 0.723 SO* 105.07
NH," 239.5 NO; 0.12
Mg** 0.1 COD 817
Ca™* 0.91 CN’ (toxic) 0.187
Al <0.4 (uDL) CN’ (total) 75.0

Note: uDL - under detection limit

Electrochemical tests were conducted under two various current densities 8 mA.cm™ and 24 mA.cm™
and under different pH condition. The description of single tests is shown in Table 2.

Table 2. The description of tests

Adjusted
Adjusted pH H/acid . .
Test befori Al-E(]f)/acid corE:tinuously Current density Specifics
during AI-EC
ZnH-01 no no 8§ mA.cm™ -
ZnH-02 Yes/ 5SM H,SO0,, 8 mA.cm™ -
pH 7.4 1o
ZnH-03 Yes/ SM H,SO,, no 24 mA.cm™ -
pH 6.5
ZnH-06" Yes/ 5M H,SO,, yes 24 mA.cm” -
pH 6.5
ZnH-07" Yes/ 4M HNO;, yes 24 mA.cm” -
pH 6.5
ZnH-08 Yes/ SM H,SO0,, yes 24 mA.cm™ Filtration of Al-sludge
pH 6.5 after 50 min
ZnH-09 Yes/ 5M H,SO,, yes 24 mA.cm™ Polarity reversal (10min
pH 6.5 interval)

The high initial pH 10.17 - 10.4 was adjusted at pH 7.4 (ZnH-02) and pH 6.5 (in all other tests) before
Al-electrocoagulation. The exception was the first test (ZnH-01) where pH stayed unchanged during the
whole electrolysis process.

Sampling and pH measurements were carried out at 10-minute intervals after the interruption of direct
current (DC). The pH was adjusted, and acid was added after each sampling (every 10 minutes) during Al-
electrocoagulation. Fluoride concentrations and other anionic and cationic species (Table 1) were analysed
using ion chromatography. Samples were filtered through a 0.22 pum filter before analysis. Aluminium
concentrations were measured by flame atomic absorption spectrometry. After the electrocoagulation, the
solution was filtrated through 0.22 pm filter, and the filtrate of the sludge was analysed by Raman
microspectroscopy and by scanning electron microscope.

Raman microspectroscopy of the produced sludge was performed using a DXR3xi Raman Imaging
Microscope (NICOLET) in the laboratories of the Slovak National Museum - Natural History Museum in
Bratislava. A laser with a wavelength of 532 nm was used.

Subsequently, the surface morphology of the sludge was examined using a MIRA 3 FE-SEM
(TESCAN) scanning electron microscope fitted with an Elemental distribution was assessed by EDX
mapping using energy-dispersive X-ray (EDX) detector from Oxford Instruments.
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3 Results and discussion
3.1 Impact of adjustment of pH on flouride removal and polarity reversal

During the Al-electrocoagulation test (ZnH-01), where the pH of wastewater was left unchanged (pH
10.3), the concentration of fluoride decreased by only about 5 % in 60 minutes. Therefore, the pH of the
solution had to be adjusted to the range of 6-8, as recommended by other studies [3, 6, 7]. In the subsequent
test (test ZnH-02), the pH was modified to 7.4 before EC but was not controlled during the EC process.
Under these conditions, moderate decrease in fluoride concentration, about 33.68 %, was observed, from
value 1414.04 mg.L™" to 937.72 mg.L" (Fig. 1). In the following tests, the pH was controlled throughout the
EC processes.

In the test ZnH-06, where pH was controlled throughout the entire experiment, a high fluoride removal
efficiency of 95.7 % was achieved (Fig. 1). The highest removal of fluoride 98.6 % was observed during the
test ZnH-08 where after 50 min of Al-electrocoagulation the precipitates were separated by filtration through
0.22 pm filter and subsequently the process of EC of the filtrate continued for 120 minutes.

Polarity reversal (PR) of electrodes (test ZnH-09) demonstrated similar fluoride removal efficiencies,
with 96.2 % in the PR test compared to 95.7 % in the non-reversed test (ZnH-06). The reversal of polarity
can result in higher coagulant production efficiency, improved sludge properties, reduced energy
consumption, and diminished electrode fouling [8-10]. The optimal frequency for PR should be determined
based on the solution chemistry. For low concentrations of contaminants and buffering agents, shorter PR
intervals are suitable, as they facilitate effective alterations of interfacial pH and manipulation of sludge
properties. In contrast, higher concentrations of buffering agents require longer PR intervals to fully leverage
the benefits of pH alteration and sludge property manipulation [10].
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Fig. 1. Decrease of a) concentration of fluoride during Al-electrocoagulation and b) efficiency of fluoride removal

3.2 The effect of acids

The effect of different acids on the fluoride removal was also investigated in this research. Test
(ZnH-07) using HNO; demonstrated that NO;™ anions do not have a more significant effect on fluoride
removal compared to SO, ions. Efficiency of fluoride removal obtained 85.6 % with HNOjs (in test ZnH-07)
in comparison to test ZnH-06 with removal efficiency of fluorides 95.7 % with H,SO,. This result is
consistent with findings by [11], where the effect of co-existing anions showed the sequence SO4* > NO; >
Cl for fluoride removal. The lowest fluoride removal efficiency was observed in tests with the presence of
CI', while the highest efficiency was observed in the presence of SO,

The fluoride elimination was proportional to the amount of electrogenerated AI** during 40 minutes of
electrocoagulation. Beyond this point, the curve is no longer linear, suggesting that the actual current density
was no longer effective. The molar ratio of removed fluoride to electrogenerated A’ ions is shown in Fig. 2.
The slope indicates that approx. 5.7 mM of fluoride reacted with 1 mM of AI’*. Based on these results, it was
calculated that the removal of 1 mM F- required 0.175 mM of AI’" in the solution. The AP’/ F" molar ratio
changed over the course of Al-clectrocoagulation. In the studies performed at low F~ concentrations [3], the
AT*/ F  ratio was found to be between 10 and 15 to achieve satisfactory results. Accordingly, 10 to 15 mM of
AT’" is consumed to reduce 1 mM of F".
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Fig. 2. Molar ratio of removed fluorides to added aluminium (mM)

3.3 Characterisation of the sludge

During Al-electrocoagulation, aluminium flocs were formed and subsequently separated after
treatment using a 0.22 pm filter. Raman microspectrometry analysis of the filtrate revealed the presence of
the mineral cryolite. This is in accordance with the study [3], which mentions that fluoride ions migrate
toward the anode. The following reaction may occur through the combination of F~ with AI’*, Na*, and the
subsequent precipitation of cryolite (NazAlFg) [3]. SEM-EDX images were used to investigate the
morphology of the sludge (Fig. 3). Based on the SEM-EDX analysis the sludge in test ZnH-06 consists of Al
34 wt%, O 33.6 wt%, F 16.1 wt%, Na 12.3 wt%, S 5.6 wt%; and the sludge from the test ZnH-07 consists of
Al33.4 wt%, O 28.5 wt%, F 20.4 wt%, Na 15.8 wt%.

Electron Image 3 Electron Image 4
T Ty S e

P i 2 < - .. ¢
100pm 100pm

Fig. 3. SEM images of the Al-sludge filtrate from a) test ZnH-06 with H,SO,4 and b) test ZnH-07 with HNO;

3.4 Impact of electrocoagulation on cyanides removal

Degradation of cyanides was not proved to be effective during Al-electrocoagulation. The maximum
removal efficiency 15 % was obtained. Therefore, the next step advanced electrooxidation process (AEOP)
with BDD electrodes was examined. During BDD electrooxidation, oxo-chlorine species are produced as by-
products, which can be reduced back to chlorides through bacterial reduction. However, the tests of

electrooxidation with BDD and bacterial reduction are still under investigation, so they are not part of this
text.
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As a result of continuous pH adjustment using SM H,SO,, the final treated water had an increased
SO,> concentration up to 14,000 mg.L™'. The next step, aimed at reducing these high SO,> concentrations
through the addition of Ca(OH), to precipitate CaSQy, in the solid phase, is also currently under investigation.

4 Conclusions

This study successfully demonstrated the efficiency of Al-electrocoagulation for the treatment of
landfill leachate contaminated with high concentrations of fluorides and cyanides. By generating AI’* ions in
situ through the anodic dissolution of aluminum electrodes, the process achieved a fluoride removal
efficiency of approximately 95 %, reducing the concentration from ~1400 mg.L" to ~20 mg.L"'. Maintaining
a pH range of 6 - 8 was crucial for efficient fluoride precipitation. The use of HNO; acid did not prove more
effective in defluorination than H,SO,.

The molar ratio of electrogenerated Al”" ions to F” removed was ~ 0.175 during 40 minutes. The
production of AI’" ions can be regulated by the amount of applied electrical current. PR showed similar
defluorination efficiency, achieving 96.2 %. PR in Al-electrocoagulation can reduce costs by minimizing
electrode fouling and improving energy efficiency [10].

Cyanide removal, however, was limited to a maximum of 15 %, indicating the need for additional
treatment methods, such as BDD electrooxidation with subsequent bacterial reduction of electrooxidation by-
products, which is still under investigation. Careful management of cyanide emissions during water
acidification with H,SO, is necessary to ensure safety in field applications. While pH management was
essential for optimal fluoride removal, the issue of the SO,” increase from acidification must also be
addressed. The on-going evaluation of SO, reduction through Ca(OH), precipitation holds promise for
mitigating potential secondary pollution issues.
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Abstract

Indigenous microorganisms isolated from wastewater can play a vital role in sustainable wastewater treatment by
helping the existing community of microorganisms to effectively transform pollutants like heavy metals into less toxic
forms. Isolated microorganisms must be resistant to heavy metals and withstand diverse environmental conditions that
change during wastewater treatment. Thus, the current study aimed to test the resistance of selected microorganisms
isolated from a wastewater treatment plant to different environmental conditions such as temperature, pH and salts, as
well as to selected heavy metals and antibiotics. Using morphological and biochemical tests, as well as MALDI-TOF,
selected isolates were identified as Pseudomonas aeruginosa, Aeromonas veronii, and Enterococcus hirae. Growth
capabilities under different temperature, pH and NaCl concentrations, were analyzed using a spectrophotometer.
Resistance to tested substances was evaluated by determining the minimal inhibitory concentration (MIC) and minimal
microbicidal concentration (MMC). Except for E. hirae, results showed that the other two isolates prefer neutral and
alkaline pH, while their growth was inhibited in acidic environments and in environments with high salt concentrations.
All tested isolates demonstrated notable resistance to heavy metals, particularly Pb*", Zn**, and Cu?', while displaying
sensitivity to most antibiotics. This is considered an ideal feature because there is concern that heavy metals can
function as a selective agents in the proliferation of antibiotic resistance, posing a potential threat to human health.

Keywords: wastewater, indigenous bacteria, ecological factors, heavy metals, antibiotics

1 Introduction

Heavy metals primarily originate from human activities such as mining, metal-based industrial
discharges, and domestic use [1]. Due to their persistent and non-biodegradable nature, they accumulate in
the environment, including wastewater, causing significant ecological and health issues even at low
concentrations. Besides traditional techniques that have been used to treat wastewater before discharge into
natural ecosystems, new and cost-effective methods have been developed to help in this process. One such
method focuses on using indigenous microorganisms isolated from wastewater to accelerate and enhance the
transformation of heavy metals into less toxic and more mobile forms [2, 3]. These microorganisms must be
resistant to heavy metals and capable of surviving the various abiotic changes during wastewater treatment.

Abiotic factors can greatly impact the effectiveness of microorganisms in wastewater treatment,
influencing both their activity and the state and bioavailability of heavy metals [4]. Temperature is
particularly important for heavy metal adsorption; as it increases, the solubility of heavy metals and the
enzymatic activity of microorganisms rise, thereby accelerating the bioremediation process [5]. Another key
factor is pH, which affects not only the heavy metals, but also the functional groups on the bacterial cell wall
[6]. Soluble metals can readily penetrate cell membranes and can cause oxidative stress and damage cell
components like proteins, lipids, and nucleic acids [7]. To counteract this, microorganisms evolved specific
mechanisms to utilize heavy metals and survive in their presence. Some of these mechanisms include
precipitation, intracellular accumulation, and extracellular sequestration in exopolysaccharides (EPSs). For
instance, extracellular barriers, including cell walls, plasma membranes, and surface structures like EPS, are
key to heavy metal resistance by preventing heavy metals from entering the cell. Efflux pumps are also
another mechanism commonly employed by microorganisms to manage heavy metals, enabling them to
regulate their internal environment by expelling toxic compounds [8, 9].

While they become resistant to heavy metals, there is concern that metals may also act as selective
agents, promoting the spread of antibiotic resistance which poses a potential threat to human health. Genes
conferring resistance to heavy metals and antibiotics are typically located on mobile genetic elements, such
as plasmids, transposons, and integrons, and can be transferred between different microorganisms. This
transfer can cause even sensitive strains to become resistant [10]. Numerous studies have shown that
microorganisms often use the same resistance mechanisms against various antimicrobial agents, including
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heavy metals and antibiotics, which act similarly in killing microbial cells [11]. Therefore, the desired
properties of indigenous microorganisms are resistance to heavy metals and sensitivity to antibiotics. As a
result, the current study's goal is to investigate properties in selected microorganisms isolated from
wastewater to assess their potential in practical applications.

2 Material and methods
2.1 Isolation and identification of microorganisms

Wastewater samples were taken at the beginning of May 2023 from the municipal wastewater
treatment plant "Cvetojevac" (Kragujevac, Serbia). For further analysis, we singled out the colonies of those
species that were most prevalent in the tested samples and that grew on selective and differential medium.
Pure cultures of bacteria were obtained by the depletion method, and identification was performed by
examining their morphological and biochemical characteristics [12], as well as with the assistance of
MALDI-TOF mass spectrometry.

2.2 Influence of different temperatures, pH, and salt concentrations on planktonic growth

The effect of temperature (25 and 37 °C) on the growth of tested isolates was examined using Tryptic
soy broth (TSB) (Torlak, Serbia), either in its standard form or with a modified composition according to
Mladenovi¢ et al. [13]. To study the effect of pH, media with different pH levels (4.0, 7.0, and 8.5) were
prepared. The pH was adjusted to 4.0 and 7.0 using HCI and to 8.5 using NaOH. Additionally, TSB was
modified by adding NaCl (5.0 %, 6.5 %, and 8.0 %) to investigate the effects of various salt concentrations.
Ten pl of the initial bacterial suspension (1.5 x 10* CFU/ml) was added to 3 ml of each type of medium.
Samples were incubated for 24 h. Pure TSB was used as a sterility control, and an unmodified inoculated
medium served as a control to determine if the modified medium with different pH or salt concentrations
affected the growth of the isolates. Growth absorbance was calculated by measuring the ODgy of the
bacterial cultures using a spectrophotometer (Iskra, Slovenia). OD values were obtained for each culture, and
the mean value of three individual repetitions was recorded as the growth absorbance.

2.3 Preparation of the solutions of metals and antibiotics

The susceptibility of planktonic cells was tested in the presence of heavy metals (Pb*", Zn*", Cu*",
Mn*", Cd*, Hg2+ and Cr6+) originating from the Pb(NOs),, ZnSO,4, CuSO,, MnCl,, CdSO,, HgCl,, and
K,Cr,05 salts (Sigma-Aldrich, USA) and antibiotics (ampicillin (Am) (ATB Pharma, Serbia), azithromycin
(He) (Hemofarm, Serbia), cefepime (C) (Hemofarm, Serbia), ceftriaxone (Az) (Hemofarm, Serbia),
ertapenem (E) (Merck Sharp & Dohme d.o.0., Serbia), tetracycline (T) (Pfizer Inc., USA), levofloxacin (Le)
(Zentiva Pharma d.o.o., Serbia)). All tested substances were dissolved in sterile distilled water.

2.4 Microdilution method

The influence of selected heavy metals and antibiotics on the planktonic growth of isolated bacteria
was determined using the microdilution method [14]. Twofold serial dilutions of metals and antibiotics were
prepared in sterile 96-well microtiter plates containing 100 pl of TSB (Torlak, Serbia) per well.
Concentration range for Pb>", Cu®" and Mn*" was from 4 to 0.031 mg/ml, for Zn*" and Cd*" from 20 to
0.156 mg/ml, for Hg*" and Cr®" from 0.5 to 0.003 mg/ml, while the obtained concentration range for all
antibiotics was from 0.5 to 0.003 mg/ml. In the plates where heavy metals were dispensed, 2.5 ul of
glutathione (TvinLab) was added, and served for neutralization of heavy metals, while the growth of the
bacteria was monitored by adding 10 pl of resazurin (Alfa Aesar GmbH & Co., Germany) to all wells of the
plate. Bacterial suspensions were obtained from cultures incubated for 24 h at 25 °C and were adjusted
around 10° CFU/ml by dilution. Ten pl of suspension of each tested microorganism was added to the plates.
The inoculated plates were incubated for 24 h at 25 °C and after that, MIC values were determined, while
MMC values were determined after 48 h. The MIC was defined as the lowest concentration of the tested
substance that inhibited microorganism growth and prevented the resazurin color change from blue to pink.
Each test included growth control and sterility control.

3 Results and discussion
3.1 Isolation and identification of microorganisms

Bacterial strains were identified as Pseudomonas aeruginosa, Aeromonas veronii, and Enterococcus
hirae. The obtained results showed that the analyzed strains matched with high score values with each
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corresponding strain type already present in the Bruker MALDI Biotyper database. Score values were
between 2.06 and 2.30.

3.2 Influence of different temperatures, pH, and salt concentrations on planktonic growth

Except for E. hirae, results showed that the other two isolates prefer neutral and alkaline pH, while
their growth was inhibited in acidic environments and in environments with high salt concentrations (Figure
1 and 2).
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Fig. 1. Influence of different pH on bacterial growth at a) 25 °C and b) 37 °C
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Fig. 2. Influence of different salt concentrations on bacterial growth at a) 25 °C and b) 37 °C

Obtained results for P. aeruginosa and A. veronii are in accordance with the findings of studies
conducted by Rael and Frankenberger [15], Vivekanandhan et al. [16], Wang and Gu [17], and Abel and
Evivie [18]. Our isolates grew well at both tested temperatures. The nature of enterococci and their high
tolerance to heat, salt and acidity can guarantee the presence of this group in different habitats. In the study
by Morandi et al. [19] tested species, Enterococcus faecium and Enterococcus faecalis, were able to adapt to
adverse cultural conditions (low values of pH and temperature). This is also in accordance with our results
for E. hirae, which showed better growth in tested conditions than the other two isolates.

3.3 Resistance of planktonic cells to heavy metals and antibiotics

By determining the minimum inhibitory concentration (MIC) and minimum microbicidal
concentration (MMC), the resistance of planktonic microorganisms was tested in the presence of heavy
metals and antibiotics (Table 1 and 2). All tested isolates showed resistance to Pb*" (MIC between 2 and
>4 mg/ml), Zn>* (MIC between 5 and >20 mg/ml), and Cu*" (MIC between 0.83 and 2 mg/ml). A. veronii
and E. hirae also showed good resistance in the presence of Hg*" (MIC between 0.104 and 0.125 mg/ml), and
Cr®" (MIC 0.25 mg/ml), while P. aeruginosa showed resistance in the presence of Cd** (MIC 5 mg/ml).

Various studies have shown that P. aeruginosa can quickly adapt to contaminated environments,
making it a suitable biosorbent for removing heavy metals, either in the form of planktonic cells or
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biofilms [20]. This strain demonstrates significant resistance to Cd?*, which is consistent with our results. For
instance, P. aeruginosa PU21 was effective in removing and recovering Cd?*, Cu?*, and Pb>" from polluted
water [21], while in the study by Alfarras and Hamid [22], two Pseudomonas spp. isolates from sludge and
sewage in Iraq were resistant to various heavy metals, including Cd**, Hg?*, Cu?', and Ni*". In our research,
the P. aeruginosa strain showed significant resistance to Pb?>" and Cu?’, but not to Hg?*. The P. aeruginosa
RWO strain studied by Mat Arisah et al. [23] is promising candidate for Cr®" bioremediation, tolerating up to
60 mg/l of Cr®" through mechanisms like intracellular and extracellular sequestration by membrane-bound
metabolites such as reductase and biosurfactant. However, the P. aeruginosa strain used in our study was
sensitive to Cré*.

Table 1. Resistance of planktonic cells to the presence of heavy metals

Metals
Isolates Pb Zn Cu Mn Cd Hg Cr
MIC | MMC | MIC | MMC | MIC | MMC MIC MMC MIC MMC MIC MMC MIC MMC
P. aeruginosa 4 >4 5 10 2 2 <0.031 | <0.031 5 10 <0.003 | <0.003 | <0.003 | <0.003
A. veronii 2 2 1.66 5 1 1 4 4 <0.156 | 0.312 0.104 0.104 0.25 0.25
E. hirae >4 >4 0.52 >20 0.83 0.83 0.83 >4 <0.156 | <0.156 | 0.125 0.125 0.25 0.33
MIC values (mg/ml) - means inhibitory activity; MMC values (mg/ml) - means microbicidal activity
Table 2. Resistance of planktonic cells to the presence of antibiotics
Antibiotics
Isolates Am Az C E He T Le
MIC MMC | MIC | MMC MIC MMC MIC MMC MIC MMC MIC MMC MIC MMC
P. aeruginosa 0.5 >(.5 0.007 | 0.009 | <0.003 | <0.003 | 0.007 0.007 0.041 0.104 0.005 0.020 | <0.003 | <0.003
A. veronii 0.208 0.208 | 0.020 | 0.025 | 0.005 0.051 <0.003 | <0.003 | 0.041 0.083 | <0.003 | <0.003 | <0.003 | <0.003
E. hirae <0.003 | <0.003 | 0.007 | 0.041 | 0.031 0.083 | <0.003 | 0.007 | <0.003 | <0.003 | 0.041 0.062 | <0.003 | <0.003

ampicillin (Am), ceftriaxone (Az), cefepime (C), ertapenem (E), azithromycin (He), tetracycline (T), levofloxacin (Le)

A. veronii used in our study showed very good resistance in the presence of all tested metals, except
for Cd*". Previous studies proved that Aeromonas spp. can be found in wide range of habitats and potentially
can resist different concentrations of metals such as Zn®", Pb*>", Cd*", and Ni*" In the study conducted by
Qurbani et al. [24] Aeromonas sobria reduced 54.89 % of the Cu*", 62.33 % of the Ni*", and 36.41 % of the
Zn*" after 72 h. Using Transmission electron microscopy (TEM) their findings suggested that this isolate
accumulated both Cu®" and Ni*", whereas Zn®" was reduced by biosorption. Aeromonas spp. employ various
strategies to mitigate heavy metal toxicity, one of which involves trapping metals using negatively charged
groups like phosphoryl, hydroxyl, and carboxyl present on the Aeromonas spp. cell wall [24]. It is likely that
A. veronii used in the current study also employed similar strategies to demonstrate resistance in the presence
of the tested metals, such as Cu*" and Zn**. Good resistance to Cd*", Cu*", Zn*', and Pb*", also showed
Aeromonas hydrophila tested in the study by Matyar [25]. This isolate was especially resistant in the
presence of Mn*" (MIC > 3.2 mg/ml), which is also in accordance with our results for 4. veronii.

Results for E. hirae tested in current study showed strong resistance to Cu®". The copYZAB operon
from E. hirae was the first described copper homeostasis system [26]. The cop operon includes two
structural genes encoding P-type ATPases: CopA, which facilitates copper uptake and nutrition, and CopB,
which is 35 % identical to CopA, responsible for copper efflux and detoxification [27, 28]. It is likely that
the E. hirae used in our study showed strong resistance to Cu”" due to this copper homeostasis system. This
strain also demonstrated good resistance to Pb>", Zn*", Mn*", Hg*", and Cr®". Vignaroli et al. [29] isolated
enterococci from coastal marine sediment and evaluated their ablity to grow in agar plates supplemented
with Cu**, Cd*", and Hg*". The strains exhibited a high frequency (68 %) of resistance to Cd*" and/or Cu**
and consistent susceptibility to Hg*". In the study by Niederhdusern et al. [30] all tested enterococci strains
were resistant to Cu®", Ni*', Pb*", and Zn®", but susceptible to Ag*" and Hg*". They concluded there is no
correlation between current pollution levels and the observed heavy metal resistance in isolates, as heavy
metal concentrations in Monte Cotugno Lake water samples were below Italian legal limits. Mondragén et
al. [31] reported a 100 % of Hg”" resistance in enterococci strains isolated from Molola river, while 86.8 %
were resistant to Cr®" and 42.1 % resistant to Cd*". Our findings for E. hirae align with previously mentioned
studies.

Numerous studies have indicated that even low levels of heavy metals in various environments can
create selection pressure, leading to antibiotic resistance in bacteria [22, 25]. Alfarras et al. [22] found that
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P. aeruginosa isolates from sewage resistant to heavy metals were also resistant to ampicillin, but susceptible
to chloramphenicol and erythromycin, with one isolate additionally resistant to nalidixic acid. Similarly,
Rajaet al. [32] reported that P. aeruginosa with multiple metal tolerances also showed resistance to
antibiotics such as ampicillin, tetracycline, chloramphenicol, erythromycin, kanamycin, and streptomycin.
This extensive resistance suggests that Pseudomonas species may carry plasmids with genes for both
antibiotic and metal resistance [22]. Matyar [25] studied the resistance patterns of A. hydrophila and
P. aeruginosa from hospital effluent water, finding that metal-resistant 4. hydrophila isolates were highly
resistant to cefazolin, cefaclor, and cefprozil, while P. aeruginosa isolates were highly resistant to seven
different antibiotics, including: cefazolin, cefuroxime, cefoxitin, cefaclor, cefprozil, cefixime, and
ceftizoxime. The frequent co-occurrence of heavy metal and antibiotic resistance, often within the same
genetic elements like transposons or plasmids, suggests that industrial pollution may promote antibiotic
resistance and vice versa [33, 25]. In our study P. aeruginosa and A. veronii showed resistance to ampicillin
and azithromycin which is in accordance with previously mentioned studies. Both isolates are generally
known to exhibit intrinsic resistance to ampicillin, due to the presence of beta-lactamase enzymes [34, 35].
They can also be resistant to cephalosporins like ceftriaxone and cefepime [25]. Vignaroli et al. [29]
discovered a significant correlation between Cd and erythromycin resistance in enterococci, and between Cd
or Cu, and quinupristin/dalfopristin (Q/D). However, Niederhdusern et al. [30] found no correlation between
antibiotic and heavy metal resistance or environmental pollution in enterococci isolated from Monte Cotugno
Lake. E. hirae used in our study showed resistance to cefepime and tetracycline. It is well known that
enterococci are intrinsic resistant to cephalosporins, and can show resistance to tetracycline [36, 37]. While
significant progress has been made in studying the connection between antibiotic and heavy metal resistance,
ongoing research is necessary to fully understand and address this complex issue.

4 Conclusions

The results suggest that the tested isolates can grow at both of the examined temperatures and are
better adapted to neutral and alkaline conditions. Except for E. hirae, the isolates showed limited growth in
environments with high salt concentrations and low pH. In terms of heavy metal resistance, all isolates
demonstrated the highest resistance to Pb*, Zn?*, and Cu?". A. veronii and E. hirae also exhibited strong
resistance to Hg?* and Cr®, while P. aeruginosa showed resistance to Cd?". The isolates were mostly
sensitive to the tested antibiotics, though some showed greater resistance to specific antibiotics, likely due to
their ineffectiveness against these isolates. Given their resistance to certain heavy metals, these isolates could
be further investigated for potential use in bioremediation. Additionally, studying the effects of these heavy
metals on individual and mixed biofilms formed by the tested species could help assess their effectiveness in
heavy metal removal.
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Abstract

Post-mining lakes of northern Czechia represent an exceptional aquatic ecosystem. They are yearlong habitats of
underwater macroalgal meadows. To evaluate their bioremediation potential, two genera of macroalgae Vaucheria sp.
(Xanthophyceae) and Chara spp. (Charophyceae) were collected by scuba diving technique from these meadows.
Sampling was conducted in the post-mining lakes Most, Medard, and Milada in different seasons to follow concurrently
seasonality of the species. The individual algae samples were incubated under controlled laboratory conditions in
photobioreactors in the lake water of their origin, at natural temperature (ranging 4 °C — 23 °C), and natural light
intensity (ranging 5 - 180 umol.m™2.s™) for 96 h. To determine their capacity for metal accumulation a mixture of rare
earth elements (REEs) was added to the cultures in final concentration 40 pM (LaCls, CeCl;, NdCl;, GACl;). The algae
biomass was harvested after 4 days of treatment, washed thoroughly with distilled water, frozen at -60 °C, and freeze-
dried. Quantitative analysis of REEs in the algae biomass was done by inductively coupled plasma-mass spectrometry
(ICP-MS). Both macroalgae accumulated REEs from aquatic environment, Vaucheria sp. being a more efficient
accumulator than Chara spp. Variability in the REE content in algae biomass was found, depending on location and
season.

Keywords: post-mining lakes, Chara, Vaucheria, algal mats, rare earth elements, bioaccumulation

1 Introduction

Post-mining lakes, artificial water bodies created because of the cessation of mining and hydric
reclamation, are increasing globally. These lakes are ecologically and socio-economically important as
freshwater resources, natural habitats, and places for recreation [1]. Periphyton, primarily composed of algae
and cyanobacteria, often plays a crucial role in newly formed aquatic ecosystems. The study of periphyton
communities and their responses to abiotic factors in the littoral zones of three post-mining lakes located in
northern Bohemia revealed a huge diversity of phototrophs [2]. Algal mats and meadows, naturally occurring
in the post-mining lakes Most, Medard, and Milada, are important primary producers [1] and could play a
critical role in accumulating excess nutrients and metals, including rare earth elements (REEs). This study
focuses on the potential of two species of algae, Vaucheria sp. (Xanthophyceae) and Chara spp.
(Charophyceae), for the bioremediation of REEs. In general, Xanthophyte algae are not the preferred
autotrophic organisms for phycoremediation experiments [3-5]. Although some of them have been laboratory
tested for potential use in the bioremediation process. The biosorption effect of Vaucheria itself was tested
on multiple sources of pollution [6, 7].

Both Vaucheria and Chara are known for their ability to bioaccumulate contaminants, making them
excellent candidates for remediating polluted waters [8-10]. Specifically, this research investigates the
capacity of these macroalgal species to accumulate rare earth elements (REEs) such as lanthanum (La),
cerium (Ce), neodymium (Nd), and gadolinium (Gd). These elements, while valuable for various
technological applications, pose a risk to aquatic ecosystems when present in elevated concentrations [11].
By testing the ability of Vaucheria and Chara to bioaccumulate REE mixtures, this study aims to assess their
effectiveness in remediating not only common pollutants like nitrogen and phosphorus but also trace
elements that are of emerging environmental concern.

The goal of this research is to develop ecologically sustainable and economically viable strategies for
water quality management in post-mining lakes. By utilizing locally occurring algal species, the study seeks
to provide a natural solution for the long-term ecological, socioeconomic, and recreational management of
these unique aquatic ecosystems. The findings from this study could serve as a valuable basis for the
planning and management of current and future mining lakes.
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2 Material and methods
2.1 Algal biomass and growth conditions

Macroalgae Vaucheria sp. (Xanthophyceae) and Chara spp. (Charophyceae) were collected by scuba
diving technique from the vegetation in the post-mining lakes Most (Mo), Medard (Me) and Milada (Mi).
Sampling was conducted in different seasons of the year (February, July, October). The individual algae
samples were incubated under controlled laboratory conditions, in the lake water of their origin, at natural
temperature (ranging 4 °C — 23 °C), and natural light intensity (ranging 5 - 180 pmol.m™.s™) for 96 h. Algal
suspensions were bubbled with air. Laboratory incubation and accumulation experiments took place in glass
culture bottles (Tamy bottles) with a volume of 500 mL in a cultivation unit with adjustable temperature and
light intensity (Fig. 1).

2.2 Accumulation experiment

The algae (CH; Chara, V; Vaucherie) were tested for the ability to grow in the presence of rare earth
elements, and for their capacity for metal accumulation. A mixture of rare earth elements (REEs) was added
to the cultures in final concentration 40 uM (LaCl;, CeCl;, NdCl;, GdCls). The algae biomass was harvested
after 4 days of treatment, washed thoroughly with lake water, and freeze-dried. Quantitative analysis of
REEs in the algae biomass was done by inductively coupled plasma-mass spectrometry (ICP-MS).

2.3 Inductively coupled plasma-mass spectrometry

Freeze dried samples of algal biomass with or without treatment were digested with 30 % H,0O, and
67 % HNO; (Merck, Suprapure) in a PTFE microwave oven (MLS1200 MEGA, Gemini bv, Apeldoorn, The
Netherlands) at 250-600W for 20 min. Quantitative analysis of REEs was performed using an Elan DRC-¢
(Perkin Elmer, Concord, ON, Canada) which is equipped with a concentric PTFE nebulizer and cyclonic
spray chamber. Algal samples were passed through a 0.45um nylon syringe filter (Millipore, Molsheim,
France) and diluted 1:10 with distilled water. Values were expressed as micrograms per gram dry
weight (ug. g ' DM).

3 Results and discussion

Figure 1 shows the biomass of Chara spp. (a) and Vaucheria sp. (b) in photobioreactors using lake
water, under controlled laboratory conditions that mimic natural temperature (ranging from 4 °C to 23 °C)
and light intensity (5 - 180 umol.m™.s™"). The biomass, later treated with REEs (La, Ce, Nd, Gd), was
collected under natural conditions, with water temperature and irradiance varying according to season and
depth. The algal biomass successfully acclimated to laboratory conditions and was subjected to the
bioaccumulation experiment.

Fig. 1. Photobioreactor with biomass of Chara (a) and Vaucheria (b)

The accumulation of lanthanides in Chara and Vaucheria species varied by lake, season, and element,
with distinct patterns for each genus.

In Chara spp., the highest accumulation in Lake Medard occurred in July, where lanthanum (La)
reached 1927 pg/g of biomass, followed by gadolinium (Gd) at 1873 pg/g in February. Neodymium (Nd)
and cerium (Ce) were also most concentrated in July at 1489 ng/g and 1295 pg/g, respectively. In contrast, in
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Lake Most, the order of lanthanide accumulation was consistent with Lake Medard but occurred at higher
concentrations, particularly in October. Chara accumulated La at 2143 pg/g, Gd at 1919 ug/g, Nd at

1716 ng/g, and Ce at 1610 pg/g (Fig. 2).
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Fig. 2. Bioaccumulation of REEs (La, Ce, Nd, Gd) by Chara collected
from lakes Most and Medard in different seasons
CHC = Chara, control without treatment, CH_Mo = Chara from lake Most, CH_Me = Chara from lake Medard

Vaucheria sp. exhibited higher bioaccumulation capacities across all elements. In Lake Most, the
highest accumulation was observed in October, with La reaching 4196 pg/g, Nd at 3772 ug/g, Gd at
3606 ug/g, and Ce at 2653 ug/g. Meanwhile, in Lake Milada, the peak accumulation occurred in July, with
Gd at 4046 ug/g, La at 3747 ug/g, Nd at 3513 ug/g, and Ce at 2726 ug/g (Fig. 3).
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Fig. 3. Bioaccumulation of REEs (La, Ce, Nd, Gd) by Vaucheria collected
from lakes Most and Milada in different seasons
VC = Vaucheria, control without treatment, V_Mo = Vaucheria, lake Most, V_Mi = Vaucheria, lake Milada

The results of the bioaccumulation experiment reveal significant differences in lanthanide uptake
between Chara spp. and Vaucheria sp., as well as across different lakes and seasons. Vaucheria sp.
consistently accumulated higher concentrations of REEs compared to Chara spp., particularly in Lake Most,
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where lanthanum (La) reached 4196 pg/g. This difference may be attributed to the filamentous structure of
Vaucheria, which provides a larger surface area for adsorption, as well as potential differences in cell wall
composition and cation exchange capacity between the two genera. Previous studies have also shown that
filamentous algae tend to be more efficient at metal and REE uptake due to their greater surface area for
metal ion binding [12, 13].

Seasonal variation played a key role in bioaccumulation patterns. In Chara spp., the highest REE
concentrations were observed in July and October, while in Vaucheria sp., accumulation peaked in October
for Lake Most and July for Lake Milada. These differences may be influenced by temperature-related
metabolic activity, which could enhance the uptake of metals during warmer months. Additionally,
environmental factors such as pH and REE availability in each lake likely contributed to the observed
variations in bioaccumulation. For instance, the higher La and Gd concentrations in Lake Most could reflect
greater bioavailability of these elements in that lake’s specific water chemistry.

From an ecological perspective, these findings highlight the potential of Vaucheria sp. for use in
bioremediation, especially for REE-contaminated water bodies. Its superior bioaccumulation capacity
suggests that it could be an effective tool for reducing REE concentrations in aquatic environments. Further
research should focus on the underlying mechanisms of REE uptake in Vaucheria, as well as its potential for
long-term application in bioremediation projects.

4 Conclusions

Both macroalgae accumulated REEs from aquatic environment, Vaucheria sp. being a more efficient
accumulator than Chara spp. Variability in the REE content in algae biomass was found, depending on
location and season.
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Abstract

Silver nanoparticles (AgNPs) are widely used for antimicrobial purposes, but concerns regarding toxicity persist. This
study compares the effects of biologically synthesized AgNPs (BAgNPs) and chemically synthesized AgNPs (CAgNPs)
on blood components and immune response. BAgNPs, synthesized using Parachlorella kessleri, demonstrated more
pronounced effects on immune cells and cytokine levels. In healthy samples, BAgNPs increased echinocytes and
reduced neutrophil viability, whereas in rheumatoid arthritis patients, pro-inflammatory cytokines decreased. These
findings suggest BAgNPs could be advantageous in biomedical applications, though cytotoxicity warrants further
research.

Keywords: silver nanoparticles, blood cells, nanoparticle toxicity

1 Introduction

Silver nanoparticles (AgNPs) are widely used due to their strong antimicrobial properties [1].
However, as their use increases in various industries, concerns about environmental and health risks have
grown. While the toxicological effects of chemically synthesized AgNPs (CAgNPs) are well-
documented [2], there is limited information on biologically synthesized AgNPs (BAgNPs), which are
produced using environmentally friendly methods involving organisms like bacteria and algae.

This study focuses on the comparison between BAgNPs and CAgNPs in their interactions with blood
components and immune responses, providing insights into the potential biomedical applications of AgNPs,
particularly in immune modulation and inflammatory conditions like rheumatoid arthritis.

2 Material and methods
2.1 Preparation of AgNPs

CAgNPs were produced using the citrate reduction method. BAgNPs were prepared using the alga
Parachlorella kessleri. Both types of nanoparticles were characterized by their size and shape, with BAgNPs
showing enhanced colloidal stability compared to CAgNPs [3]. Following a modified procedure, an extract
was prepared from the algae, after which an AgNOs; solution was added to the extract to achieve a final silver
concentration of 100 mg/L [4].

2.2 Preparation and incubation of blood samples

Blood samples were collected from both healthy individuals and patients with rheumatoid arthritis.
These samples were incubated with BAgNPs and CAgNPs, and the impact on red blood cells, leukocytes,
and cytokine production was evaluated using standard assays microtube. The blood samples, including the
control, were incubated for 3 hours at 37 °C.

2.3 Analysis of viability and apoptosis of blood leukocytes

Dead cells were analyzed using the Muse™ Count and Viability kit (Muse™Cell Analyzer; Millipore,
USA) according to the manufacturer’s instructions. The percentage of apoptotic cells in the blood was
determined using the Muse Annexin-V & Dead Cell Assay kit™ (Muse™Cell Analyzer; Millipore, USA).
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2.4 Preparation of M1 and M2 macrophages

Monocytes (THP-1) were sourced from the European Collection of Authenticated Cell Cultures. To
differentiate and polarize the THP-1 monocytes into M1 (classically activated) and M2 (alternatively
activated) macrophages, we followed the protocol established by Foey et al. [5].

2.5 Real-time analysis of cell proliferation

To continuously monitor the effect of nanoparticles on the proliferation of differentiated macrophages,
we employed the xCELLigence system following the methodology described in the study by
Amrichova et al. [6].

2.6 Statistical analysis
Statistical analyses of the results were conducted using Minitab version 16 (Minitab Inc., 2013, State
College, PA, USA).

3 Results and Discussion
3.1 Nanoparticle characterization

Both types of AgNPs were spherical, but BAgNPs exhibited a stable biomolecular corona derived
from the algae, whereas CAgNPs had a citrate anion surface. This difference in surface coating significantly
affected their biological activity.

3.2 Impact on red and white blood cells

BAgNPs induced significant erythrocyte aggregation and echinocyte formation, which was not
observed with CAgNPs. This suggests that the biological effects of BAgNPs are strongly influenced by the
algae-derived surface, contributing to the differences in cellular interactions. Based on changes in the
percentage representation of leukocytes, we can infer which subgroups of white blood cells were more
affected and killed by the presence of BAgNP, CAgNP, or Ag" ions (Table 1). Some studies suggest that Ag"
ion release from AgNP surfaces is the primary driver of their toxicity, contributing to increased ROS
production, pro-inflammatory cytokines, and apoptosis [7, 8]. However, other studies argue that AgNPs
themselves, rather than the ions, cause distinct biological effects [9, 10]. Pratsinis et al. [11] explain this
discrepancy by nanoparticle size-smaller AgNPs (<10 nm) release more ions due to a higher surface-to-
volume ratio, making toxicity ion-dependent, whereas larger AgNPs induce cytotoxicity mainly through
particle-cell interactions. Silver ions are recognized for their strong cytotoxic and genotoxic properties, as
they readily bind to sulfur- and phosphorus-containing groups in DNA and proteins [7, 11]. Although Ag"
ions are expected to be toxic to all leukocytes, lymphocytes exhibit a heightened sensitivity, potentially due
to specific cellular vulnerabilities. BAgNPs reduced neutrophil viability more significantly than CAgNPs in
both healthy and diseased blood samples. The percentage of viable leukocytes decreased in the presence of
BAgNPs, while CAgNPs had a lesser effect. This suggests that BAgNPs may induce a stronger immune
response, possibly through increased cellular uptake or interaction with phagocytic cells.

Table 1. The effect of different treatments on the differential leukocyte counts

WBC (%) BAgNPs CAgNPs Ag'ions Control
n=5 n=5 n=5 n=5
Neutrophils 59.0 +£2.50* 63.83 £1.26 66.00 + 4.09 63.17+ 1.26
Eosinophils 1.33£0.58 1.50 £ 0.50 2.00 £ 1.00 0.67+0.29
Basophils 0.83£0.29 1.33 £0.58 2.33+0.29 1.33+0.58
Lymphocytes 35.5+2.78% 27.83 £2.75 22.17+£4.07 28.67 £ 1.53
Monocytes 3.33+0.29 5.50+0.87 7.50 +0.87 6.17+0.76

Data are expressed as mean = SD. CAgNPs - chemically synthesized silver nanoparticles;

BAgNPs - biologically synthesized silver nanoparticles;* P<0.05 different from Ag ions treatment

3.3 Comparative analysis of BAgNP and CAgNP impact on blood components in healthy individuals
and rheumatoid arthritis patients
Rheumatoid arthritis is an autoimmune disorder characterized by chronic inflammation, elevated
cytokine production, and joint destruction [12]. Nanomedicine offers a promising approach for delivering
targeted therapies to treat inflammatory diseases and other related conditions [13]. While previous studies
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suggested that BAgNPs could reduce inflammation, especially in arthritis models [12, 13], our results
indicate differences in their effects on immune cells. BAgNPs, unlike CAgNPs, induced significant
erythrocyte coagulation and morphological changes (e.g. echinocyte formation) in both healthy and RA
patients. This phenomenon has also been confirmed by previous studies showing that AgNPs can cause
morphological changes in erythrocytes [14]. The question remains why BAgNPs caused greater procoagulant
activity and morphological alterations in red blood cells, while CAgNPs did not. One possible explanation is
the lower colloidal stability of CAgNPs, which may lead to aggregation and the formation of larger silver
particles. This could explain the significantly fewer echinocytes observed with CAgNPs compared to
BAgNPs. Notable differences were observed in leukocyte counts, particularly in neutrophils and monocytes,
which likely recognize and engulf AgNPs. Once inside the phagolysosome, AgNPs release silver, potentially
causing cytotoxicity and cell death [15]. In both patient groups, BAgNP exposure led to a marked reduction
in neutrophils by 12 % in healthy patients and 8.5 % in arthritis patients. In contrast, CAgNPs showed no
significant effect, likely due to their larger size and lower stability, resulting in reduced cytotoxicity. In
rheumatoid arthritis patients, neutrophil counts decreased even during incubation alone, observed in both
AgNP-treated and control samples. This is likely due to the heightened sensitivity of neutrophils, driven by
chronic inflammation. This heightened activation makes them more vulnerable to various stimuli, leading to
functional changes, altered immune responses, and a higher risk of cell death. These factors suggest that
blood components in patients with chronic inflammatory diseases are more sensitive to environmental
influences, which should be considered in therapy planning.

3.4 Differential effects of BAgNP and CAgNP on macrophage proliferation

Macrophages are key immune cells, with M1 macrophages driving inflammation and M2
macrophages involved in tissue repair. Both nanoparticles were evaluated using the xCELLigence system,
with BAgNPs showing a more pronounced inhibitory effect on cell proliferation compared to CAgNPs. The
doubling time of M1 macrophages exposed to BAgNPs was nearly 12 times longer than those exposed to
CAgNPs, suggesting that BAgNPs exert a stronger inhibitory effect, likely due to their smaller size and
enhanced stability. A similar trend was observed with M2 macrophages, where BAgNPs significantly
delayed cell division compared to CAgNPs.

These findings suggest that BAgNPs, due to their smaller size and higher stability, may possess
greater cytotoxicity and potential therapeutic effects, particularly in modulating macrophage activity.
Furthermore, their ability to inhibit the proliferation of tumor cell line (THP-1) suggests potential anticancer
applications, warranting further investigation.

4 Conclusion

The distinct biological effects observed between BAgNPs and CAgNPs can be attributed to
differences in colloidal stability and surface properties. The smaller size and higher stability of BAgNPs
likely enhance their interaction with blood components, leading to increased immune activation in healthy
individuals but a suppressive effect on inflammation in rheumatoid arthritis patients.

These findings highlight the potential for biologically synthesized AgNPs in therapeutic applications,
particularly in immune modulation and inflammation management. However, the observed cytotoxicity,
particularly toward neutrophils, suggests that careful consideration must be given to dosage and delivery
methods to avoid unintended side effects. BAgNPs exhibit unique interactions with blood components and
immune cells that differ from chemically synthesized AgNPs. Their potential to modulate immune responses,
particularly in inflammatory diseases, warrants further investigation. Future studies should focus on
optimizing the size, stability, and surface properties of BAgNPs to maximize their therapeutic potential while
minimizing cytotoxic risks.

Acknowledgements
The work was supported by project VEGA 1/0018/22.

References
[1] Rai, M.K., Deshmukh, S.D., Ingle, A.P., Gade, A K. Silver nanoparticles: the powerful nanoweapon
against multidrug-resistant bacteria. Journal of Applied Microbiology, 112,2012, p. 841-852.

70



Proceedings

[2]

[3]

[4]

[6]

[7]

[11]

[12]

[13]

Zhang, X.F., Liu, Z.G., Shen, W., Gurunathan, S. Silver Nanoparticles: Synthesis, Characterization,
Properties, Applications, and Therapeutic Approaches. International Journal of Molecular Sciences,
17,2016, 1534.

Mikac, L., Ivanda, M., Goti¢, M., Mihelj, T., Horvat, L. Synthesis and characterization of silver
colloidal nanoparticles with different coatings for SERS application. Journal of Nanoparticle
Research, 16,2014, 2748.

Kadukova, J. Surface sorption and nanoparticle production as a silver detoxification mechanism of the
freshwater alga Parachlorella kessleri. Bioresource Technology, 216, 2016, p. 406-413.

Foey, A.D., Crean, S. Macrophage subset sensitivity to endotoxin tolerisation by Porphyromonas
gingivalis. PLoS One, 8, 2013, p. €67955.

Amrichova, J., Spakové, T., Rosocha, J., Harvanova, D., Ba¢enkova, D., Lacko, M., Hornak, S. Effect
of PRP and PPP on proliferation and migration of human chondrocytes and synoviocytes in vitro.
Central European Journal of Biology, 9, 2014, p. 139-148.

Greulich, C., Diendorf, J., Gessmann, J., Simon, T., Habijan, T., Eggeler, G., Schildhauer, T.A.,
Epple, M., Koller, M. Cell type-specific responses of peripheral blood mononuclear cells to silver
nanoparticles. Acta Biomaterialia, 7, 2011, p. 3505-3514.

Pareek, V., Gupta, R., Panwar, J. Do physico-chemical properties of silver nanoparticles decide their
interaction with biological media and bactericidal action? A review. Materials Science and
Engineering: C, Materials for Biological Applications, 90, 2018, p. 739-749.

Li, Y., Qin, T., Ingle, T., Yan, J., He, W., Yin, J.J., Chen, T. Differential genotoxicity mechanisms of
silver nanoparticles and silver ions. Archives of Toxicology, 91, 2017, p. 509-519.

Bélteky, P., Ronavari, A., Zakupszky, D., Boka, E., Igaz, N., Szerencsés, B., Pfeiffer, 1., Vagvolgyi,
C., Kiricsi, M., Konya, Z. Are Smaller Nanoparticles Always Better? Understanding the Biological
Effect of Size-Dependent Silver Nanoparticle Aggregation Under Biorelevant Conditions.
International Journal of Nanomedicine, 16, 2021, p. 3021-3040.

Pratsinis, A., Hervella, P., Leroux, J.C., Pratsinis, S.E., Sotiriou, G.A. Toxicity of silver nanoparticles
in macrophages. Small, 9, 2013, p. 2576-2584.

Janakiraman, K., Krishnaswami, V., Rajendran, V., Natesan, S., Kandasamy, R. Novel nano
therapeutic materials for the effective treatment of rheumatoid arthritis-recent insights. Materials
Today Communications, 17,2018, p. 200-213.

Mani, A., Vasanthi, C., Gopal, V., Chellathai, D. Role of phyto-stabilised silver nanoparticles in
suppressing adjuvant induced arthritis in rats. Internatioanal Immunopharmacology, 41, 2016, p. 17-
23.

Al-Baker, A.A., Al-Kshab, A.A., Ismail, H.K. Effect of silver nanoparticles on some blood parameters
in rats. Iraqi Journal of Veterinary Sciences, 34, 2020, p. 389-395.

Wang, F., Yu, L., Monopoli, M.P., Sandin, P., Mahon, E., Salvati, A., Dawson, K.A. The
biomolecular corona is retained during nanoparticle uptake and protects the cells from the damage
induced by cationic nanoparticles until degraded in the lysosomes. Nanomedicine, 9, 2013, p. 1159-
1168.

71



6" International Scientific Conference on Biotechnology and Metals

EVALUATION OF BIOCHEMICAL PROPERTIES AND POTENTIALLY TOXIC
ELEMENTS IN THE SEDIMENT OF THE SUBTERRANEAN SYSTEM
OF THE BRESTOVSKA CAVE

Lenka Demkova®, Lenka Bobul'ska®, Jilius Arvay”

“ Department of Ecology, Faculty of Humanities and Natural Sciences, University of Presov,
17. Novembra 1, 080 01, Presov, Slovakia, lenka.demkova@unipo.sk, lenka.bobulska@unipo.sk
b Institute of Food Sciences, Faculty of Biotechnology and Food Sciences, Slovak University of Agriculture in Nitra,
Tr. A. Hlinku 2, 949 76 Nitra, Slovakia, julius.arvay@uniag.sk

Abstract

Caves, which are hydrologically connected to the earth's surface, represent vulnerable underground habitats that are
highly influenced, or threatened by the conditions of the external environment. Human-caused disturbances of
underground ecosystems in the form of released substances, chemicals, and various non-native sediments have an
extremely adverse impact on the entire karst environment. The aim of the study was to determine the content of risk
elements (As, Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb, Zn) in sediments of inside and outside Brestovska cave environment and
the influence of pollution on nutrients (Ca, Na, K, Mg) and activity of soil enzymes (urease, acid phosphatase, alkaline
phosphatase, B-glucosidase, FDA). Content of elements was analysed using ICP-OES. The results showed serious
pollution of evaluated area predominantly by arsenic and cobalt, both inside and outside cave environment. The
presence of heavy metals in sediments significantly negatively influenced the activity of soil enzymes and soil nutrients,
predominantly Ca and Mg. The source of pollution is numerous sinkholes in the vicinity of the cave, which are directly
connected to the cave system.

Keywords: enzymatic activity, karst landscape, cave ecosystems, psychrophilic microorganisms, risk elements,
anthropogenic impact

1 Introduction

Caves, which are hydrologically more closely connected to the earth's surface, represent vulnerable
underground habitats that are highly influenced or threatened by external environmental conditions.
Underground streams and lakes, whose primary source is water from the epikarst zone, are much more stable
in terms of flow, temperature, and chemical properties than water streams that are directly connected to the
surface through large open inlets or dives.

The geological structure of the aquifer and climate in which the ecosystem is located also significantly
affect the stability of the cave environment [1]. Humans can significantly change the availability of energy
by increasing the supply of organic matter and nutrients to the caves. Microorganisms use organic matter that
is anthropically introduced into the underground system and thus can indirectly change the environmental
conditions (e.g. by reducing the availability of oxygen). Conversely, in some cases, humans can reduce the
energy input to caves by severing connections to the surface or altering the surface vegetation, soil, and
hydrologic regime in ways that eliminate the entry of organic matter into subterranean ecosystems. As a
result of these disturbances, there have been changes in the abundance and diversity of cave animals.
Human-caused disturbances of underground ecosystems in the form of released foreign substances,
chemicals, and various non-native sediments have an extremely adverse impact on the entire karst
environment [2]. Soil and soil sediment are critically endangered environments because of their ability to
accumulate potentially risky elements as products of anthropic activity. Many of these elements (e.g. Co, Cu,
Mn, Fe, and Zn) are essential micronutrients for soil organisms in small concentrations, but in increased
amounts, they have harmful effects on organisms, and some others (e.g. As, Cd, Hg, Pb) are toxic. In caves
and karst systems, these elements can occur in parent rocks and are part of the speleothems, coatings,
fillings, and other cave sediments. Underground water flows can contain these elements in the form of
dissolved ions in the complex of organic matter, which are in colloidal form, or together with separated
sediments. The degree to which the risk element is reduced in caves is mediated and catalyzed by
microorganisms as part of their metabolic processes [3]. The aim of this study was to determine the level of
occurrence of risk elements in the soil, or sediment and enzyme activities of soil microorganisms, as
biological indicators that will allow us to identify the extent of the impact of human activity on the
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subterranean ecosystem of Brestovska cave. Changes in the biological properties of soil and soil sediment as
a result of environmental disturbances indicate a change in the activity of the microbial community, level of
biological balance, and quality of the investigated ecosystems. The study of microbial and chemical
indicators also contributes to a better understanding of ecological processes and the relationships between
individual components in surface and underground ecosystems. Understanding these ecological links can
help us in the future to improve the condition and protection of threatened areas in which important cave
systems are located.

2 Material and methods

The longest known cave of the geomorphological subdivision of the Western Tatras - Rohace is the
Brestovska cave (49°15'32.3"N; 19°39'38.2"E) with a total focused length of underground spaces of 2026 m
[4]. It is localised in the forested part of the Madajka massif near the village of Zuberec (Tvrdosin district).
Its entrance is at an altitude of 867 m [5].

Soil and sediment samples were collected in 2019. Five sampling points were determined in the
interior of the Brestovska cave (Figure 1). Other sampling points are: Dip - a large occasional dip of the
surface waters of the Studeny Potok, approx. 500 m southeast of the entrance to the Brestovska Cave; Water
spout (WS) - Brestovska cave water spout with the spring of an underground stream from the Brestovska
cave approx. 200 m southwest of its entrance. The last sample was taken from the forest terrain in the
immediate vicinity above the entrance of the Brestovska cave (control sample). Each sampling point was
represented by three random samples, and the individual data represented the average value of the indicator.
The samples were transferred to the laboratory in plastic bags, where they were temporarily stored at 6 °C.
Before analysis, parts of the soil and soil substrate samples were dried at room temperature, and all samples
were sieved through a sieve with a mesh size of 2 mm.

The soil reaction (pH) was determined in a mixture of soil and CaCl, solution (¢ = 0.01 mol/L) at a
ratio of 1:3 using a digital pH meter. The activities of the soil enzymes -glucosidase [6], FDA hydrolase [7],
acid and alkaline phosphatase [8], and urease [9] were also determined. For each soil enzyme activity, a
corresponding control was performed using the same analytical method but without the addition of the
substrate at the time of initiation of the enzymatic reaction. Soil respiration was determined by capturing the
released CO, from fresh soil samples that were incubated at 25 °C for 24 h in hermetically sealed bottles.
Carbon dioxide was captured by a NaOH solution (¢ = 0.05 mol/L), which was subsequently titrated with
HCI (c = 0.05 mol/L) after the addition of BaCl, (¢ = 0.5 mol/L) [10]. The content of organic carbon (C,)
and total nitrogen (N) in the soil samples was determined using the ISO10694 method. The content of the
monitored elements As, Cd, Co, Cu, Fe, Mn, Ni, Pb and Zn was determined by the OES-ICP method
(Agilent 720, Agilent Technologies, USA) and Hg by the CV-AAS method (AMA-254, AlTec, Prague, CR),
using methodological procedures published in the works of Arvay et al. [11] and Demkova et al. [12].
Statistical operations were performed using the STATISTICA 12, where all data were log+1 transformed
before analysis.

Fig. 1. Location of sampling points in the Brestovska Cave
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3 Results and discussion

Monitoring the condition of the individual components of the underground system of Brestovska cave
is a prerequisite for the proper management of the cave’s operation after its opening to the public. The
exchange soil reaction (pH/CaCl,) at the Brestovska cave, including it dip and water spout part, ranged from
7.0 to 7.6 (Table 1), indicating a neutral to slightly alkaline subterranean environment. The pH values
showed a positive relationship with all the risk elements. This dependence was statistically significant at
(p <0.05) only in the case of Zn (Figure 4). Soil reactions fundamentally affect the availability of hazardous
substances in soil. As the pH increases, the precipitation of metal elements into insoluble hydroxides,
carbonates, and organic complexes increases, and the adsorption of hazardous substances onto clay minerals
and organic substances also increases. However, the availability of these trace elements for plant uptake is
generally greater at lower pH values than at higher pH values [2]. Table 2 lists the average values of the
chemical properties of the soil sediment and soil samples at the monitored locations. The highest values of
organic carbon content (C,) were measured at the control point in the forest (12.40 %) and in Brestovska
WS (11.20 %).

Table 1. Average values of chemical properties of soil/sediment samples on research localities

Sampling sites pH/CaCl, (E/‘:‘) g/t:)’;
Cave 1 7.4 2.81 | 0.17

Cave 2 7.6 7.40 | 0.03

Cave 3 7.4 1.16 | 0.03

Cave 4 7.5 1.64 | 0.04

Cave 5 7.3 0.81 | 0.05

Dip 7.6 0.75 | 0.06

WS 7.0 11.2 | 0.68

Forest - control sample 7.0 124 | 0.57

The total nitrogen content (N reached the highest value at the Brestovska WS site (0.68 %),
followed by that of the control sample in the forest (0.57 %). In contrast, the lowest values of the organic
carbon content were recorded at the Dip sampling site (0.75 %), and in the case of the nitrogen content, it
was the sediment above and next to the underground flow (0.03 %) in the inner spaces of the Brestovska
cave (sampling sites 2 and 3). Using Spearman's correlation coefficient, a significant positive relationship
(p<0.01) was found between C,, and N, and between soil respiration and soil reaction (Figure 2). Most of
the assessed risk substances had an inhibitory effect on the content of organic carbon and total nitrogen in
sediment samples from Brestovska cave and its surroundings. A significant negative correlation was
confirmed in the case of Cu - C,y (p<0.01), Cu - Ny (p<0.01) and Fe - Ny (p<0.01). In contrast, Pb and Zn
were significantly positively correlated with organic carbon and total nitrogen content (Figure 4).

Cox Niot pH 1
Respiration fosss
CDI -0.333
I
N‘lu-t

Fig. 2. Correlation relationships among soil respiration, organic matter content (C,y)
and total nitrogen content (N,)
Notes: * (p<0.05), ** (p<0.01)

The properties of soils and soil substrates are closely related to the activity of microbial enzymes,
which can serve as a sensitive indicator of soil quality and can also reflect its load and utilization rate [13].
This is due to unique microbial properties, such as large biomass, diversity, and activity [14]. Determining
the activities of various microbial enzymes and the factors that influence them can help us understand the
current state of underground ecosystems (Table 3). In the interior of the Brestovska cave, we recorded the
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highest B-glucosidase activity with a value of 17.2 pg pNP/g.1h. In the case of the enzymes FDA hydrolase
(32.2 ug FS/g.1h) and urease (8.44 pug NH4/g.1h), the highest values of their activity were recorded at the
control point in the forest. At the same time, this sampling site had the highest value of soil respiration
(133 pg C/g), which is twice as much compared to most other sampling sites. The maximum enzymatic
activity of acid phosphatase was observed in WS sampling site (146 mg P/g.3h) and at the control point in
the forest (145 mg P/g.3h).

Table 2. Values of microbial properties of soil/sediment samples collected in Brestovska Cave and its vicinity

Sampling sites BG | FDA | ACP | ALP | URE | SR
Cave 1 6.7219.10 | 48.1 | 114 | 4.18 | 58.6

Cave 2 6.45]10.00 | 74.2 | 18.7 | 0.39 |43.9

Cave 3 2.9210.88 [39.5] 103 | 1.36 | 59.0

Cave 4 14.5| 0.88 | 0.00 | 101 | 4.56 |59.4

Cave 5 1721026 | 47.1 | 72.6 | 7.92 | 43.9

Dip 4.5510.10 | 72.2 | 51.1 | 2.52 | 44.1

WS 9.531253 | 146 | 104 | 7.50 | 73.2

Forest - control sample | 14.3 | 32.2 | 145 | 110 | 8.44 | 133

Notes: BG (B-glucosidase [pug pNP/g soil.1h]), FDA (fluorescein diacetate hydrolysis hydrolase, [ug FS/g soil. 1h]),
KF (acid phosphatase [mg P/g soil.3h]), ZF (alkaline phosphatase [mg P/g soil.3h]), URE (urease [pg NH4/g soil.1h]),
SR (soil respiration, [pug C/g soil dry])

Overall, the highest values of alkaline phosphatase (114 mg P/g.3h) of all sampling sites were
recorded in the entrance part of the Brestovska cave and in the forest above its entrance; however, high
activity was also demonstrated in other internal cave spaces. The high values of alkaline phosphatase are
related to the fact that this enzyme increases its activity with increasing pH, which was found in this karst
area. In contrast, zero values were recorded in some internal parts of the cave for FDA hydrolase and acid
phosphatase (Table 2). The activity of soil enzymes was negatively correlated with the content of organic
carbon and total nitrogen, and a significant negative correlation was also found between alkaline phosphatase
and C,, (Figure 3).

Soil enzym es Soil Cox Niot pH
y i
p-glucosidase s
FDA hydolase I_D_ggg
-1

Acid phosphatase
Alcaline phosphatase
Urease

Fig. 3. Correlation relationships of evaluated parameters of soil/sediment
with soil enzymes from Brestovska Cave
Notes: * (p<0.05), ** (p<0.01)

On the other hand, all evaluated enzymes showed a positive correlation with soil respiration, and in the
case of pH, a significant negative correlation was found with the activity of all monitored enzymes. The
activity of soil enzymes usually decreases due to the influence of risk substances, which was also confirmed
in this subterranean site, as a negative correlation was demonstrated in all cases (Figure 4). In the case of
FDA hydrolase, a significant negative correlation (p<0.05) was observed with Cd, Co, Mn, and Zn. In
addition, this relationship was observed between alkaline phosphatase activity and Co (p<0.01), Cd (p<0.05),
and Mn (p<0.01), and between urease activity and Mn (p<0.05). A negative relationship was noted between
the risk elements and soil respiration in all cases, even for Pb and Zn (p<0.05).

75



6" International Scientific Conference on Biotechnology and Metals

Table 3. Risk elements content [mg/kg]| at the individual sampling points
Mn| Fe Ni [Co|Cu|Zn | As | Cd | Hg | Pb

Sampling site

Cave 1 50 | 4923 [6.10(7.49|11.1]30.9|3.60{0.86|0.03|8.74
Cave 2 722113177]18.9]16.2|14.8|40.8|13.4]1.65|0.10| 10.5
Cave 3 87 [14495| 9.8 [12.2]14.1(37.4|15.6|{1.49|0.01| 10.7
Cave 4 78 |12167| 7.3 | 10.2|12.4|36.3|19.4|1.20|0.03 | 10.9
Cave 5 14 | 14119| 9.9 | 13.5|15.8|47.7|19.8|1.50|0.04 | 11.9
Dip 225111182125.8|10.7|14.3|33.7|13.5|1.20|0.07|8.73
WS 300 | 5978 | 8.5 (11.9(10.3]37.2|7.80|1.43|0.22|20.2

Forest - control sample | 323 | 8670 |34.5[15.9|14.2|95.4|8.10|1.54|0.17 | 21.6

Limit value 550 - 60 | 20 | 70 (200 30 | 1 [0.75| 115

Limit values for the content of hazardous substances in the soil, which are a criterion for assessing
their contamination, were established based on Act no. 220/2004 Coll. [15]. According to the
aforementioned legal regulations and on the basis of the limit values for Fe and Mn according to [16], these
limits were exceeded in the investigated location of Brestovska cave’s surroundings by two risk elements
(Table 3). Exceeding the limit value of Cd (>1 mg/kg) was detected in almost every sample except for one
sampling point, the entrance of Brestovska cave ("Cave 1"). In the case of Mn, an above-limit value
(>550 mg/kg) was found only in the Zuberecka corridor near the cave entrance ("Cave 2"). Exceeding the
limit values of As (30 mg/kg), Cd (20 mg/kg), Cu (70 mg/kg), Hg (0.75 mg/kg), Ni (60 mg/kg), Pb
(115 mg/kg) and Zn (200 mg/kg) was not recorded in any soil substrate sample. Most metals occur naturally
in the soil, but human activity disturbs their natural balance in the environment [17].

Soil pollution, or sediments with hazardous substances, subsequently leads to groundwater
contamination and the release of hazardous elements into the air at concentrations that are harmful to the
environment [18]. The state of the environment with a higher degree of pollution has a negative impact on
the quality of the ecosystem, the extent of which depends on the size of the affected area, the depth of the
soil into which pollutants penetrate, and the chemical composition of these substances [19].

The results of the Mann-Whitney test confirmed statistically significant differences (p<0.01 in all
cases) in the values of pH, FDA hydrolase, acid phosphatase, urease, and soil respiration between the inner
cave spaces and the control surface sample in the forest. In the case of the soil reaction, higher values were
measured inside the Brestovska cave. In contrast, for FDA hydrolase, acid phosphatase, urease, and soil
respiration, the values in the cave were significantly lower than those in the external control sample. When
comparing the values of the content of risk elements, no statistically significant difference between the
deeper inner and entrance parts of Brestovskd cave was found. However, in this cave, as well as in
Brestovska WS and the surface environment, a higher content of some elements (Cd) than the permitted
limits was found. A higher level of contamination with these risk elements may result in the reduced activity
of microbial enzymes or disturb other biological properties of the soil, which are important for the stability
of underground ecosystems. Based on these results, we can evaluate the differences between the biotic and
abiotic conditions of cave spaces and the outer parts of the karst landscape. Higher pH values, lower values
of total nitrogen and organic carbon content, and enzymatic activity of the soil, which reflect the activity of
microorganisms, together with soil respiration, confirm the specific and even extreme conditions that persist
in the cave environment.
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Fig. 4. Correlation relationships of evaluated parameters of soil/sediment with risk elements
from Brestovska Cave
Notes: BG (B-glucosidase), FDA (fluorescein diacetate hydrolysis), KF (acid phosphatase), ZF (alkaline phosphatase),
URE (urease), * p<0.05, ** p<0.01

No or only slight exceeding of the limit values of the other investigated risk elements in the soil
samples from the Brestovska cave and its surroundings at the time of our research did not indicate more
serious interventions in the karst landscape by humans. Potentially risky, however, remains the vicinity of
dives, through which contamination of the cave system can occur from any part of the surface area in its
catchment area through the waters of the Studeny potok and its tributaries or precipitation seepage waters,
with which the underground system is demonstrably hydrologically connected [20, 21].

4 Conclusions

The biological properties of the soil are suitable indicators of its health and quality, because they react
very quickly to the disturbance of the natural environment. This helps us in early detection of degradation of
surface and underground ecosystems. The analysis of the biochemical properties and content of risk elements
in the soil and soil sediment in the Brestovska cave and its immediate surroundings, which was carried out in
September 2019, revealed above-limit values of some risk elements (Cd, Mn). They point out that the
monitored location is partially exposed to environmental stress, which mainly results in a reduced activity of
microbial enzymes and a change in other biological properties of this labile ecosystem. Therefore, increased
interest in the protection of both types of environment - underground and surface - is necessary, not only in
the karst area in question with the cave system, but also in the adjacent part of the non-karst area, which is
part of the water catchment area subsidizing the underground hydrological system of Brestovska cave with
water. In this area, it is important to eliminate deforestation of the territory and sources of environmental
pollution with foreign, risky substances that most threaten the entire cave ecosystem through organically or
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chemically contaminated waters flowing underground through sinkholes and hidden transitions from surface
flows or seeping through karst overburden or sinkholes.
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Abstract

The aim of this work was to examine the bioleaching of manganese oxides at various oxidation states (MnO, Mn;0y,
Mn,0;5 and MnQO,) by a strain of the filamentous fungus Aspergillus niger, a frequent soil representative. Our results
showed that the fungus effectively disintegrated the crystal structure of selected mineral manganese phases. Thereby,
during a 31-day static incubation of oxides in the presence of fungus, manganese was bioextracted into the culture
medium. The Mn(IL,I1I)-oxide was the most susceptible to fungal biodeterioration, and up to 26 % of the manganese
content in oxide was extracted by the fungus into the medium. Our results highlight the significance of fungal activity in
manganese mobilization. The soil fungi should be considered an important geoactive agent that affects the stability of
natural geochemical barriers.

Keywords: bioextraction, bioleaching, filamentous fungi, manganese oxide

1 Introduction

Manganese is a transition metal that is the 10th most abundant chemical element on Earth and makes up
to 0.1 % of the Earth’s crust. It is a structural component of more than 250 minerals and, in the case of
several other minerals, is a substituent of Fe*" and Mg”" cations [1]. Manganese occurs in various oxidation
states of which the +I1, +1II and +IV are predominant under natural conditions [2]. In the soil environment, it
occurs in dissolved form, and it is partially adsorbed onto the surface of non-manganese mineral phases or
organic compounds, or it is immobilized in organisms. Most of the manganese in the soil is found as a
component of primary mineral phases or is bound to secondary minerals [3]. Manganese oxides and
(oxo)hydroxides are among the most common secondary minerals of manganese in the soil. These are
reactive phases that play an important role in the geochemical cycling of various elements. They generally
participate in redox transformations of organic and inorganic compounds, since they represent the strongest
oxidizing agents found in the environment [4].

Our research is therefore based on the assumption that the MnO, Mn;0,4, Mn,0; and MnO,, which are
constituents of naturally occurring geochemical barriers, should react differently with the metabolites of
Aspergillus niger, a common soil filamentous fungus. We evaluated the contribution of the fungus to the
chemical biodeterioration of manganese oxides using advanced analytical and mineralogical techniques.
They allowed us to observe the kinetics of this fundamental process and led us to a better understanding of
mechanisms that microorganisms employ to affect the manganese geochemistry in the environment.

2 Material and methods
2.1 Fungal strain

The fungus Aspergillus niger strain CBS 140837 was obtained from the fungal collection of the
Department of Mycology and Physiology at the Institute of Botany, Slovak Academy of Sciences. The
fungal strain was maintained on the Sabouraud agar plates at 25 °C.

2.2 Bioextraction of manganese

The 31-day long manganese extraction experiments using the 4. niger strain were performed in 100 ml
sterile Erlenmeyer flasks with the mixture of 50 ml Sabouraud Dextrose Broth culture medium (HiMedia,
Mumbai, India) and 0.635 g of MnO, 0.600 g of Mn;0,, 0.826 g of Mn,0;, or 0.844 g of MnO..

2.3 Analytical procedures

The culture media filtrates were analyzed for the total manganese content by flame atomic absorption
spectroscopy (F AAS) at line Mn 279.5 nm using an AAS spectrometer Perkin-Elmer Model 1100 (Perkin-
Elmer, Uberlingen, Germany).
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The low-molecular-weight organic acids in the culture medium were analyzed by capillary
isotachophoresis. Analysis of anions in 10 ml filtrate (0.45 um) from the culture medium collected in the
desired time intervals was performed by a ZKI 01 isotachophoretic analyzer (Villa Labeco, Spisska Nova
Ves, Slovakia) using the itp-itp mode.

3 Results and discussion

The sensitivity of the A. niger strain to oxides and bioextracted manganese can be evaluated using the
recorded changes of dry weights of fungal biomasses (Figure 1). The biomass harvested from the Mn(II)-
oxide (MnO) treatment almost achieved the weight of the manganese-free control at the end of cultivation. It
was followed by the biomass cultivated in the presence of the Mn(IV)-oxide (MnO,) and Mn(IIl)-oxide
(Mn,053). The least amounts of biomasses were recorded in the presence of Mn(ILIII)-oxide (MnO.Mn,0;).
The length of lag phase of each treatment, which was calculated along the maximum growth rate using the
modified Gompertz’s equation [5], indicated when a considerable cell division and, thus, the exponential
growth phase occurred. It was the longest for the fungus cultivated in the presence of Mn(II)-oxide
(2.3 days), followed by the Mn(IV)-oxide treatment (2.0 days). In the presence of Mn(ILIII)-oxide and
Mn(IIl)-oxide (Mn,0O3), the exponential growth phase was achieved by the fungus significantly faster, after a
day. The maximum growth rate was reduced only in the presence of Mn(II)-oxide (0.03 day™). The rates
estimated in the presence of all other oxides approximated the growth rate of fungus cultivated on
manganese-free media (0.05 day™).
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Fig. 1. Changes in biomass weight of Aspergillus niger cultivated for 31 days in the culture medium
supplemented with various manganese oxides (control is a manganese-free treatment)
Experimental data were fitted using modified Gompertz's equation [5]

Figure 2 depicts that the filamentous fungus A. niger was capable of mobilizing manganese from all
oxides. Since the extraction efficiencies in non-inoculated control during a 31-day experiment were
negligible, it was concluded that the manganese oxides’ deterioration and subsequent stabilization of
extracted manganese in solution resulted solely from fungal activity. The extraction kinetics revealed various
distinctive phases that are similar to the characteristics of microbial growth. The slow initial phase is
followed by the steep increase in manganese extraction that is subsequently diminished after the 10th
cultivation day (Figure 2). These are the general features of Mn(ILIII), Mn(Ill) and Mn(IV)-oxides’
biodeterioration. There, the Mn(ILIII)-oxide was the most susceptible to fungal activity, reaching the 26 %
extraction efficiency (2340 mg.L™). It was followed by Mn(II), Mn(III) and Mn(IV)-oxides, which did not
display a statistically significant difference in maximum amounts of extracted manganese due to high
variabilities in observed values. However, the average maximums of manganese in culture medium were
1210, 1140 and 700 mg.L™" for Mn(II), Mn(III) and Mn(IV)-oxides, respectively.

81



6" International Scientific Conference on Biotechnology and Metals

—o— Mn(IV)

41“33 2500

O

o 2000

x

(] —_—

S g 1500 control
0O O I

- € 7, --e-- Mn(ll)
g & 4o 1000

s 5 E ----0--—- Mn(I1,111)
2 £ 500

Z —-o—- Mn(lll)
7] 0

O

C

(@)

(@]

cutlivation period
(days)

Fig. 2. Concentrations of bioextracted manganese from its oxides (MnO, Mn;04, Mn,0; and MnQ,)
at different oxidation states during the static cultivation of microscopic filamentous fungus Aspergillus niger

4 Conclusions

Our experimental observations confirmed that filamentous fungus 4. niger was capable of dissolving
all naturally occurring manganese oxides (MnO, Mn;0,, Mn,0;, MnQO,) and that it can act as a geoactive
agent regarding manganese mobilization in the environment. We have successfully simulated the process of
fungal deterioration of Mn(II), Mn(ILIII), Mn(III) and Mn(IV)-oxide minerals via mechanisms of acidolysis,
complexolysis and reductive dissolution.

Thus, our results highlight the importance of fungi in biogeochemical cycling and the environmental
behavior of manganese, and provide insight into the actual process of manganese oxides’ biodeterioration.
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Abstract

Phosphorus, currently derived from phosphate rock, is an essential resource for the production of phosphate fertilizers,
thus playing a vital role in the food industry. Both phosphate and phosphate rock are listed in the EU’s list of critical
raw materials, where present acquisition is highly dependent on imports from non-EU regions.

The here described Interreg ATCZ project PHOS4PLANT aims to dissolve phosphorus from sewage sludge ash by
biological leaching with an efficiency >85 % and to obtain a bioavailable phosphate fertilizer. A pretreatment of the
sewage sludge ash is planned to accommodate bacterial adaptation to the ash matrix. The resulting phosphate fertilizer
will subsequently be tested on model crops, and parameters of the plant root system and plant growth characteristics
will be analyzed. At the same time, the levels of toxic metals in the soil and plants will be analyzed and the microbial
diversity in the soil will be identified. Lastly, a comprehensive ecological and economical analysis of the entire process
will be conducted, to highlight advantages and limitations of the results drawn from this project. The novelty of linking
bioleaching processes to the generation of phosphate fertilizer with subsequent testing of the produced fertilizer
proposes an innovative solution. The project consortium consists of four partners from Austria and the Czech Republic:
K1-MET GmbH, Masaryk University, Brno University of Technology and BOKU University.

Keywords: phosphorus, bioleaching, sewage sludge ash, phosphate fertilizer, circular economy

1 Introduction

Phosphorus (P), utilized in the production of phosphate fertilizers, is an undisputedly essential
resource in the food industry. The regional concentration of rock phosphate, along with problematic mining
practices call for alternatives to the currently conventional rock phosphate sourcing. As of May 2014, P has
been listed on the EU’s list of critical raw material, along with rock phosphate since 2017.

In Austria around 7,000 tons of P is yearly lost through the disposal of sewage sludge, raising the
question of effective recycling strategies. Moreover, changes in legislation have been issued regarding the
incineration of sewage sludge call for a P recovery of >80 % by January 2030, further prioritizing the issue
of P extraction and a closed P cycle.

With this, PHOS4PLANT aims to solubilize P from sewage sludge ash with a leaching efficiency of
>85 % by applying concepts of bioleaching to obtain a bioavailable phosphate fertilizer. The fertilizer
product will then consequentially be tested on model crops, using parameters of the plant root system and
plant growth characteristics to evaluate the efficacy of the fertiliser. Lastly, a life-cycle assessment is planned
to evaluate the different process chains and to identify the most applicable method.

2 Material and methods
2.1 Description of Work Packages

This project is divided into four individual work packages (WP) each focusing on a different aspect of
the described project:

WP1: Preparation of sewage sludge ashes suitable for bioleaching
The thermal treatment process of the sewage sludge incineration is evaluated and optimized to produce
suitable ash for the P leaching. Further, the carbonation rates of the ashes are to be determined.

WP2: Optimization of biological phosphorus leaching from sewage sludge ash
Microorganisms are to be enriched from the sewage sludge and their bioleaching activity will be evaluated.
The cultivation medium of the bacteria is to be optimized in order to reduce or eliminate the addition of
phosphates. Direct and indirect bioleaching processes will be tested out to assess the effectiveness of each
method. Lastly, microbial proteins involved will be analysed using biochemical methods.
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WP3: Production of a phosphate fertilizer
Phosphorus in the form of struvite will be recovered using bioelectrochemical method. Further, the struvite
precipitation from the bioleachate produced in WP2 is to be optimized, as this reaction depends on a variety
of parameters. A life cycle assessment along with an environmental life cycle cost calculation should then
quantitatively assess each process.

WP4: Optimising the application of phosphate fertilizer to crops

Here the optimization of cultivation and phenotypic analysis of selected crops is performed along with
the assessment of the effects of recycled phosphate fertilizer on crop growth and soil microbiome structure
and recycled phosphate fertilizer on compost properties.

2.2 WP2: Evaluating the effect of reduced phosphate in cultivation media

Three different media with different phosphate concentrations were used for the cultivation of
Acidithiobacillus thiooxidans, where the optical density (OD) at 600 nm in addition to the pH were
monitored regularly. As a measurement of bacterial turbidity, the OD600 is an indirect indicator for bacterial
growth. Table 1 describes the composition of a basal salt medium (Medium 1) modified from
Nancucheo et al. [1]. A phosphate-reduced DSMZ Medium 882 (Medium 2) is described in Table 2 [2]
meanwhile Table 3 lists a further phosphate-reduced medium (Medium 3) modified from Falagan et al. [3],
2024). Medium 2 was slightly amended in order to use the same trace element solution for all three media.
As the bacterial culture 4. thiooxidans does not require an iron source, iron was not added to any of the
media. All cultures were grown at 30 °C and stirred at 120 rpm. Further, the bacteria were supplemented
with 10 g/l of elemental sulfur. Solely Medium 1 was additionally supplemented with 0.2 g/l yeast extract.
After 7 days, a 10 ml inoculum was withdrawn from the grown cultures and transferred into fresh medium.

Table 1. Medium 1; pH adjusted to 3.5

Basal Salt Solution Trace Element Solution
Compounds mg.L" Compounds mg.L" Compounds mg.L"
Na,S0,410H,0 150 ZnSO,4 7H,0 10 Na,Mo0O,-2H,0 0.5
(NHy),S0, 450 CuSOy4-5H,0 1 NiSO,-6H,0 1
KCl 50 MnSO,-4H,0 1 Na,SeO, 10H,0 1
MgSO47H20 500 COSO4 7H20 1 N32WO4'2H20 0.1
KH2PO4 50 Crz(SO4)3 -1 5H20 0.5 NaVO3 0.1
Ca(NO3)2'4H20 14 H3BO3 0.6
Table 2. Medium 2; pH adjusted to 2.0
Basal Salt Solution Trace Element Solution
Compounds mg.L'1 Compounds mg.L”’ Compounds mg.L”’
(NH4)2$O4 132 ZHSO47H20 10 N32M0042H20 0.5
CaCl,2H,0 147 CuSO,-5H,0 1 NiSO,4 6H,0 1
MgC126H20 53 MHSO44H20 1 NazseO4' 10H20 1
KH2PO4 27 COSO4' 7H20 1 N32WO4'2H20 0.1
Crz(SO4)3 -1 5H20 0.5 NaVO3 0.1
H;BO; 0.6

Table 3. Medium 3; pH adjusted to 1.8

Basal Salt Solution Trace Element Solution
Compounds mg.L" Compounds mg.L" Compounds mg.L"
Na,SO, 10H,0 9 ZnS0O,-7H,0 10 Na,MoQO,-2H,0 0.5
(NH,4),S0, 9 CuSO,4-5H,0 1 NiSO,4-6H,0 1
KClI 1 MnSO,-4H,0 1 Na,SeO,4  10H,0 1
MgSO, 7H,0 10 CoS0,-7H,0 1 Na,W0O,-2H,0 0.1
KH2PO4 1 Crz(SO4)3 ' 15H20 0.5 NaVO:; 0.1
Ca(NO3),-4H,0 0.28 H;BO; 0.6
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3 Results and discussion

The results of the pH and the OD600 of multiple bacterial growth cycles in the different media are
presented in Figure 1. Overall, all cultures except for one, were able to lower the pH to around 0.65,
regardless of the cultivation medium. The same trend holds true for the OD600 measurements, indicating
bacterial growth throughout the course of the 7-day cultivation period. These results indicate that for the
actual leaching experiments, the bacteria are supplied with sufficient nutrients when cultivated in Medium 3,
which contains solely traces of phosphate.
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Fig. 1. pH and OD600 measurements of bacterial cultures in different media

4 Conclusions

The here described project aims to contribute research towards the recycling of the critical element P
from waste products such as sewage sludge ash. Generally, the cultivation of bacterial cultures such as
A. thiooxidans call for phosphate-rich media, however as phosphate is aimed to be recovered by bioleaching
of sewage sludge ash, the supplementation of phosphate in the medium should be reduced to the minimal
amount possible. With this, the parameters pH and OD600 of the bacterial cultures grown in three distinct
media were evaluated, concluding that a concentration of 0.7 mg/l of PO, seems to indicate sufficient
bacterial activity. Taking these results into consideration, further investigations are planned using Medium 3.
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Abstract

This study examines the impact of fungal activity on iron-bearing ochreous sediments from abandoned mining site.
Using a bioleaching experiment, fungal-treated sediments were analysed with X-ray diffraction (XRD) and Mdssbauer
spectroscopy. While XRD results showed no new crystalline phases or structural changes, Mdssbauer spectroscopy
revealed a redistribution of ferric iron. Specifically, the disappearance of a sextet component and an increase in poorly
ordered ferric sites, likely ferrihydrite, were observed. These subtle fungal-induced modifications can influence the
mobility and bioavailability of toxic elements in contaminated environments.

Keywords: Aspergillus, arsenic, bioleaching, ferric ochres, sediments

1 Introduction

Filamentous fungi naturally possess a high capacity to alter the physicochemical composition of
minerals. This is typically initiated and facilitated by the acidolysis, a process involving the secretion of
acidic metabolites that promote mineral dissolution, extracting metallic ions into the extracellular
environment [1]. This process involves a combination of chemical and physical interactions between fungal
hyphae and solid mineral surfaces in their natural habitat, leading to the partial or total dissolution of
chemical components exposed in minerals. This also naturally affects the structural and mineralogical
properties of the iron oxides, occurring in the vicinity of growing microorganisms to various extent [2].

Since these changes can be subtle, their successful characterization relies on the implementation of a
highly sensitive method to determine the iron structure in the samples. Thus, in our study, we have addressed
the critical issue of fungal impact on the structural and chemical stability of iron-bearing sediments using
Mossbauer spectroscopy and other techniques suitable for solid phase and elemental analysis.

2 Material and methods
2.1 Microorganisms and iron-bearing phases

In this study, we have utilized wild strain of microscopic filamentous fungus Aspergillus niger, for the
modification of iron bearing ochreous material collected from the stream sediment at the adit of abandoned
mine Buducnost (Pezinok, Slovakia).

2.2 Bioleaching experiment

An autoclaved set of 150 mL Czapek-Dox Broth culture media in 250 mL glass bottles was
supplemented with ochreous sediment to prepare suspensions for the fungal treatment. A volume of 10 uL of
fungal spore suspension was introduced into the culture media with supplemented ochreous sediment. The
mixture underwent a static 15-day incubation at 25 °C in the dark. The fungal biomass that developed on the
surface of the culture medium or in form of a submerged culture was collected, rinsed with distilled water,
and dried at 80 °C. The spent culture medium was vacuum filtered through a 0.45 pym mixed cellulose ester
membrane filter. The solid residues were subjected to analytical measurements.

2.3 Analytical measurements

The XRD analyses were performed with the X-ray diffractometer Bruker D§ DISCOVER equipped
with an X-ray tube with a rotating Cu anode operating at 12 kW (40 kV/300 mA). Also, the *’Fe Mdssbauer
spectroscopy was used to identify any structural changes of iron in the residual solids in comparison to
control. *’Fe Mossbauer spectroscopy was applied in the transmission geometry. The *’Co(Rh) source of y
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radiation was kept at room temperature; and conventional spectrometer (WissEl, GmbH, Germany) working
in constant acceleration mode was used.

3 Results and discussion

Despite the major structural components of the ochreous sediment being subjected to the intense
bioleaching effects of the fungus, the XRD analysis did not reveal any microbially induced changes in
mineralogical parameters (Figure 1b and Figure 1d). Furthermore, the XRD patterns showed no presence of
well-crystallized, matured, or newly formed structures.

The Mossbauer spectra recorded at room temperature revealed the extinction of the sextet distribution,
associated with the disappearance of the asymmetry in the fit of the fungus-treated ochreous sediment
(Figure 1c), which had been previously detected in the untreated (Figure la). This sextet-disappearance-
related redistribution of ferric iron resulted in an increase of the relative doublet Dy, area to 42 %, while
doublet Dy, changed negligibly within the margin of error (Table 1).

We proposed that, in addition to ferrihydrite, which comprises the less ordered (Dyig,) and well ordered
(Diw) iron site, there is a magnetic component in the untreated material likely representing more
thermodynamically stable crystallites, such as disordered nanosized goethite.

Table 1. The relative distribution of each structural component of ochreous sediments

Component Relative area (%)
untreated distributed sextet 15
doublet Dy, 57
doublet Dhigh 28
fungus-treated distributed sextet 0
doublet Dy, 58
doublet Dhigh 42
(a) (b)
1.00 -+ w
0.98 A
0.96 A
0.94 A
0.92 T T T T T T T T
(c) (d)
1.00 A w
0.98 A
0.96 -
0.94 A
0.92 -
0.90 T T T T T
-6 -2 2 6 15 35 55 75

velocity (mm.s) 26 (degree)

Fig. 1. The recorded XRD patterns and Mossbauer spectra
of untreated (a,b) or fungus-treated (b,c) ochreous sediments

4 Conclusions

Our bioleaching experiments demonstrated that filamentous fungi can significantly alter the structural
properties of ochreous sediments. Structural analysis using Mdssbauer spectroscopy revealed distinct
changes in the iron mineralogy of the sediments after exposure to fungi. Specifically, evidence showed
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dissolution of goethite-like phases and less ordered ferric iron sites within ferrihydrite. These findings
provide insights into the biogeochemical processes affecting iron oxides in mining-impacted areas.
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Abstract

The bioleaching of Ag-bearing tetrahedrite mineral from the Strieborna vein of the Roznava mine in Slovakia was
investigated. Tetrahedrite from this region is characterized by high copper and silver content, with additional potential
for antimony recovery. Morphological and elemental changes in tetrahedrite grains were monitored using scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) and analyzed before and after bioleaching
using the iron-oxidizing acidophilic species Leptospirillum ferriphilum. This study provides insights into the
morphological and chemical evolution of tetrahedrite during bioleaching, demonstrating the role of bioleaching in
enhancing the extraction of valuable elements from complex sulfide minerals.

Keywords: tetrahedrite, bioleaching, morphology, elemental analysis, Leptospirillum ferriphilum

1 Introduction

Tetrahedrite, belonging to the sulfosalt mineral group, is a complex copper antimony sulfosalt with the
chemical formula Cu,o(Fe,Zn),Sb,S;;. This mineral is of considerable interest due to its ability to host
economically significant quantities of metals such as copper, silver, and antimony. Tetrahedrite's complex
chemistry is further characterized by various isomorphous substitutions, including elements like arsenic,
mercury, and cadmium, which can lead to the formation of different mineral species within the tetrahedrite
group [1].

The extraction and processing of tetrahedrite pose both economic opportunities and environmental
challenges. The presence of valuable metals like Cu and Ag in tetrahedrite makes it a target for metallurgical
processing. However, traditional pyrometallurgical and hydrometallurgical methods often face limitations
due to the mineral's complex structure and the potential release of toxic elements such as arsenic and
antimony during processing and contributing this way to the potential environmental challenges associated
with their waste products [2, 3].

Acidophilic iron-oxidizing bacteria, particularly members of the genera Acidithiobacillus and
Leptospirillum (L.), have shown high efficiency in oxidizing iron, thereby enhancing the dissolution of
minerals like tetrahedrite. The efficiency of these bacteria in various temperature ranges has been studied,
demonstrating that their growth and iron oxidation kinetics can vary significantly with temperature changes.
In particular, the study by Kupka et al. (2023) offers insights into bacterial kinetics over a wide range of
temperatures (5-45 °C), highlighting the adaptability of these microorganisms to diverse environmental
conditions. Ferric iron serves as a critical oxidant for the dissolution of sulfide minerals, and the role of iron-
oxidizing bacteria, such as L. ferriphilum, is to oxidize ferrous iron to ferric ion, maintaining the high redox
potential required for the leaching process (Eq.1) [4].

2 FCSO4 +0.5 02 + HQSO4 + Fez(SO4)3 + Hzo (1)

In this context, the morphology and composition of the mineral surface can also significantly influence
the efficiency of bioleaching. Understanding the morphological and elemental transformations that occur
during bioleaching is crucial for optimizing metal recovery and minimizing environmental impact.

2 Material and methods
2.1 Sample preparation

The tetrahedrite ore sample was obtained from the Strieborna vein in the Roziava ore field, eastern
Slovakia. The sample was crushed and milled to a grain size of less than 100 um, followed by froth flotation
to produce a tetrahedrite concentrate. This concentrate underwent further conditioning with diluted sulfuric
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acid (pH 1) at 90 °C for 24 hours under a nitrogen atmosphere to remove residual siderite. The final siderite-
free tetrahedrite concentrate was isolated by filtration, washing, and drying.

2.2 Bioleaching experiment

Tetrahedrite bioleaching was conducted using a chemolithotrophic iron-oxidizing bacterial strain
L. ferriphilum. The bacteria were cultured in a liquid mineral medium (amounts per liter: 0.4 g
MgSQO,-7H,0, 0.1 g (NH4),SO,, 0.04 g K,HPO, and 33.4 g FeSO,.7H,0) at 25 °C until the late exponential
phase. The tetrahedrite concentrate was then introduced into sterile shaking flasks containing the bacterial
cultures, achieving a pulp density of 2 %. The bioleaching experiments were carried out under aerobic
conditions at pH 2, 25 °C, and 190 rpm.

2.3 Morphological and elemental analysis

Morphological and elemental analysis of the tetrahedrite concentrate before and after bioleaching were
performed using a scanning electron microscope (SEM) MIRA 3 FE-SEM (TESCAN) equipped with an
energy-dispersive X-ray (EDX) detector (Oxford Instruments). Surface morphology was observed, and
elemental distribution was analyzed through EDX mapping.

3 Results and discussion

The individual tetrahedrite grains in the initial sample showed high copper (up to 40 wt%) and silver
(up to 1 wt%) content, with substantial amounts of antimony (27 wt%) (Fig. 1a). The EDX mapping
confirmed the presence of copper, antimony, and sulfur as major elements (Fig. 1b), along with traces of
mercury, arsenic and zinc. The chemical composition suggested the presence of substitutional elements,
indicative of the complex nature of tetrahedrite minerals.
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Fig. 1. Chemical composition (wt%) (a) and EDX mapping analysis (b) of the tetrahedrite concentrate

SEM-EDX analysis revealed significant changes in the surface morphology of tetrahedrite grains after
bioleaching with L. ferriphilum. The initially smooth surface of the grains exhibited fracturing and the
formation of alteration products post-bioleaching (Fig. 2, 3). The alteration crusts were heterogeneous and
showed signs of hydration prior to SEM analysis, indicating substantial mineral dissolution during
bioleaching. This alteration suggests a heterogencous fluid-solid reaction coupled with bacterial oxidation.

The observed morphological changes can be attributed to the oxidative dissolution of the mineral
matrix, where ferric iron acts as the primary oxidant. The presence of Fe’* ions facilitates the breakdown of
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the sulfide lattice, leading to the release of metal ions such as Cu*" and Sb** into solution. Moreover, the
fracturing and cracking of the mineral surface are indicative of a chemical attack by Fe’", coupled with the
biological activity of L. ferriphilum. The combination of chemical and biological processes results in the
enhanced dissolution of the mineral, as evidenced by the alteration products on the tetrahedrite surface.
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Fig. 2. Chemical composition of spectrum 5 (wt%) (a) and EDX mapping analysis (b) of the tetrahedrite
concentrate surface after L. ferriphilum bioleaching
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Post-bioleaching analysis indicated the extraction of Cu, Sb, S, As, Zn, and partial Ag into the leachate
(data not shown). The iron-oxidizing activity of bacteria played a crucial role in maintaining high redox
potential (Fe*"/Fe*" ratio) essential for the dissolution of sulfide minerals. The reaction of Fe’" with the
tetrahedrite surface emerged as the rate-determining step. Notably, antimony was partially immobilized as
Sb(V) phases, as indicated by the probability of precipitation of secondary minerals such as tripuhyite
(FeSbO,) and the formation of iron-antimony oxide (Eq. 2) [5, 6]:

Sb>* + Fe’* + 4 H,0 — FeSbO, + 8 H )
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Fig. 3. Electron microscopy images (a) the tetrahedrite concentrate surface before bioleaching; (b, c¢) secondary
electron images of the tetrahedrite concentrate surface after L. ferriphilum bioleaching
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The observed effectiveness of L. ferriphilum in promoting tetrahedrite dissolution highlights the
potential of bioleaching as a viable method for metal recovery from complex sulfide ores. This observation
aligns with the findings of Kupka et al. (2023), where the kinetics of bacterial growth and iron oxidation
were investigated, underscoring the role of temperature in bioleaching efficiency. The maintenance of high
redox potential through bacterial oxidation ensures the continuous regeneration of Fe’", which is crucial for
sustained mineral oxidation.

4 Conclusions

Bioleaching of tetrahedrite using L. ferriphilum effectively alters the mineral's morphology, resulting
in the selective extraction of valuable elements. The observed morphological changes, including surface
fracturing and the formation of alteration crusts, indicate the dissolution of the mineral matrix. Elemental
analysis revealed the mobilization of Cu, Sb, As, Zn, and Ag into the leachate, highlighting the potential of
bioleaching as a tool for metal recovery.
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Abstract

This study investigated the activity of pathogenesis-related (PR) proteins in wheat under cadmium-contaminated soil
conditions for three different nitrogen regimes. The effects of cadmium and nitrogen supply treatment caused
observable variation in both chitinase and -1,3 glucanase protein activity. Results showed that wheat exhibited varying
responses to cadmium stress depending on nitrogen availability. The findings suggest wheat growth-resistance trade-off
strategies in presence of heavy metal stressor can be observed and further studied by focusing on selected PR proteins,
and also that wheat's phytoremediation potential can be modulated by nitrogen management for remediating cadmium-
contaminated sites.

Keywords: wheat, nitrogen, heavy metal, cadmium, PR-proteins, trade-off

1 Introduction

Pollution of the environment by anthropogenic activity is a worldwide problem that must be addressed
not only through prevention but also by developing remediation strategies [1]. Soils polluted with heavy
metals pose a health risk, as they can be absorbed by plants and thus enter the food chain, or they can be
washed out of the soil and transferred to water sources [2]. As several approaches (physical, chemical,
electrical, ex-situ) currently applied in remediation of metal polluted environment can themselves cause
serious soil degradation [3], biological remediation methods (phytoremediation and bioremediation) are
being increasingly preferred as a more sustainable alternative [4].

Phytoremediation removes toxic heavy metals from the soil by utilizing plants. It has several
advantages over the classical methods: it is inexpensive, efficient, ecological, environmentally friendly, and
suitable for use in large areas [5]. A number of hyperaccumulator plant species has been previously
described [6] and are commonly recommended for phytoremediation programs, but some plants
accumulating lower concentrations of heavy metal pollutants from soil are also getting some attention. Crop
plants, as a consequence of long-term cultural use and selective breeding, have properties that are desired for
in-situ application of phytoremediation programs, including low price, availability, consistent production of
biomass, and an undemanding cultivation/harvesting process [7].

Wheat (Triticum eastivum) is one of principal grains together with maize and rice [8]. Even though
global wheat production is not the largest among cereals, it is considered vitally important when it comes to
use as human food source [9, 10]. Heavy metal uptake by wheat is mostly being explored in the scope of
biofortification, aiming to improve nutritional values [11] focusing on beneficial effects of essential heavy
metals. Focusing on non-essential highly toxic heavy metals in wheat is mainly important for prevention
against contamination of an important food source [12, 13], but as mentioned before, could be also
interesting for phytoremediation. It is known that crops are commonly subjected to agricultural practices
which can reduce stress [14], including use of fertilizer, and thus influencing the growth-resistance trade-off
balance by providing supplementary resources, which would also affect plant response other types of stress,
including heavy metal stress and therefore affecting heavy metal uptake. Heavy metal resistance in plants is
dependent on nutrients and energy utilization [15]. In case of combined stress, when nutrients are scarce,
plant resistance can be dependent on resources necessary for plant growth, which means that soil nutrients
can affect growth-resistance balance [16].

Previous studies found differences in Cd uptake, plant growth, and oxidative stress in wheat,
depending on nitrogen supply [17]. In addition to parameters observed in this study, pathogenesis related
proteins (PR proteins) were previously associated with heavy metal stress response by several crop
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plants [18]. PR protein activity of chitinases and B-1,3 glucanases were also found to be responsive to
nitrogen availability in wheat [19]. In this study we focused on PR protein activity in wheat under combined
stress, caused by Nitrogen supply (deficiency and excess) and presence of Cd*".

2 Material and methods
2.1 Wheat plant cultivation

Wheat seeds (Triticum eastivum L.) were sterilized in 0.5 % sodium hypochlorite solution for
15 minutes and rinsed three times with distilled water. Seeds were then left to germinate for one week on
moist sterile filter paper discs placed in petri dishes. Seven days old wheat seedlings were then transferred to
hydroponic containers, each with 500 ml of modified Hoagland medium with different nitrogen supply
conditions. Modified medium contained 0/7,5/35 mM NH4NO; (three different nitrogen conditions);
5 mM K,SO,; 2 mM CaCly; 2 mM MgSOy; 0.5 mM Na,SiOs; 0.1 mM KH,PO,; 50 uM NaFe(III)EDTA;
50 uM H;BOs; 5 uM MnCly; 5 pM ZnSOy; 0.5 uM CuSOy; and 0.1 uM Na,MoOs.

After seven days of hydroponic cultivation, s subset of plants from each nitrogen condition group was
subjected to the addition of 50 mg.I" Cd*" in the form of CdCl,. Plant samples for analysis were then
collected two days after the addition of CdCl, from both Cd treated and control plants grown in all three
nitrogen supply conditions. Plants were grown in a cultivation chamber (KBWF 720, Binder) in controlled
conditions throughout the experiment. Relative air humidity 60 %, temperature max. 24/18 °C, photoperiod
16/8 h, max. light intensity 11450 Ix.

2.2 PR protein activity

Protein extract from plants was isolated according to Hurkman and Tanaku [20]. Each frozen plant
tissue sample (~0.2 g) was homogenized and 320 pl of solution buffer (0.1 M NaAc (pH 5.2) and
100 mM phenylmethylsulfonyl fluoride (PMSF)). After three centrifugation cycles (14000 g, 4 °C, 15 min),
protein extracts were frozen using liquid nitrogen and stored at -80 °C until further processing.
Concentrations of protein extracts was determined by measuring absorbance at 595 nm, using method by
Bradford [21] using bovine serum albumin (Boehringer Mannheim — BSA) as a standard.

20 ng of protein per sample was separated in polyacrylamide gels following the method of
Laemmli et al. (1970). The 12.5 % (w/v) polyacrylamide gels contained 1 % (w/v) glycol chitin for
chitinases and laminarin for B-1,3 glucanases. After electrophoresis, proteins were re-natured by washing
the gels in 50 mM sodium acetate buffer (pH 5.2), 1 % Triton X-100 (v/v) for 24 h at room temperature in
case of chitinases and in 0.5 M sodium acetate buffer (pH 5.2), 1 % Triton-X-100 (v/v) for 1 hour at 4 °C in
case of glucanases. Gels were then washed in sterile water.

Chitinase activity gels were then incubated in for 2 hours at 37 °C, washed, and incubated in solution
containing 10 mg Fluorescent Brightener 28 (Sigma); 50 ml 0.5 M Tris-HCI (pH 8.9) and 50 ml sterile water
at room temperature for 15 minutes in dark. Chitinase activity was then detected under UV light.

Glucanase activity gels were incubated in 0.5 M sodium acetate (pH 5.2) for 1 hour at 37 °C and then
placed in fixation solution (7 % (v/v) acetic acid and 20 % (v/v) methanol) for 5 minutes. After fixation,
gel was washed and then boiled in 100 ml 1 M NaOH and 0.1 % tetrazolium chloride (TTC) until red
bands indicating glucanase activity were visible (5-10 minutes). Gel was then placed in 7 % acetic acid
solution to end the reaction. Glucanase activity was then detected by scanning the gel.

3 Results and discussion

Results of SDS-PAGE clearly revealed differences in PR protein activity for both B-1,3-glucanases
and chitinases. Two clear protein fractions with chitinolytic activity were detected (Figure 1) with sizes of
~35 kDa and ~28 kDa. Both fractions showed sensitivity to nitrogen supply treatment and presence of Cd by
exhibiting recognisable variation in activity. 35kDa fraction shows a clear observable variation between
control and Cd treated plants, as well as between N treatments, while 28kDa fraction exhibited more subtle
variation, which became apparent only after quantification (data not shown). Similar variable reactions were
previously observed in wheat [19] for 35kDa chitinase fraction, but 28kDa fraction was not reported before
in relation to heavy metal stress, but chitinases of similar size were documented in wheat as responsive to
drought [22] and low temperatures [23].
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Fig. 1. SDS PAGE chitinase activity photo
0/7.5/35 mM Nitrogen supply groups are indicated above, each consisting of C (control) and Cd
(50mg*I”" of Cd*" added in form of CdCl,); arrows indicate detected bands with respective size in kDa

Scan of SDS PAGE gel showing B-1,3 glucanase had two clear fractions with sizes of ~50kDa and
~30kDa (Figure 2). Both fractions showed variation between different nitrogen treatments as well as between
control plants and plants grown in medium containing Cd. Variation of B-1,3 glucanase as a response to
heavy metal stress was previously reported for other crop plants as well [24], supporting results obtained for
wheat in this study.

0OmMN 7.5mMN 35mMN

'"'c cd''c cd''c cd ' «kDa

50

30

Total Glu

Fig. 2. SDS PAGE B-1,3 glucanase activity scan
0/7.5/35 mM Nitrogen supply groups are indicated above, each consisting of C (control) and Cd
(50mg*I™" of Cd*" added in form of CdCl,); arrows indicate detected bands with respective size in kDa

Our results are in accordance with hypothesis by Zhang et al. [25] characterizing a signalization
module which includes ethylene, jasmonate and low-affinity nitrate transporters (ET/JA/NRT). This module
coordinates allocation of resources to address the trade-off between growth and adaptation to environmental
stimuli. Given that ET/JA signaling also regulates many PR proteins [26], this model is likely responsible for
the nitrate dependent activity of specific B-1,3 glucanases or chitinases on our experiment. We therefore
conclude that selected PR-proteins can be used to further study growth resistance trade-off in wheat, as was
previously suggested by Walters and Hiel [27].

4 Conclusions

Quantification of individual isoforms of chitinases and B-1,3 glucanases based on obtained optical
density of bands (OD data not shown) revealed considerable differences in their quantities between nitrogen
supply treatment groups as well as between Cd treated plants and respective control groups. Changes in
chitinase and B-1,3 glucanase activity between plants grown in optimal nitrogen supply conditions, and
stressed plants in both nitrogen starvation and nitrogen excess conditions demonstrates the changes in energy
consumption strategies dependent on availability of resources. Further there were also apparent changes in
chitinase and B-1,3 glucanase activity in the presence of heavy metal stressor within all three nitrogen supply
subsets of plants providing insight to wheat growth-resistance trade-off.
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Abstract

Within the four wheat varieties studied, we investigated the potential of using arbuscular mycorrhizal fungi as an aid to
enhance the extraction of metals from the soil by agricultural crops. We focused on the interaction with Zn in the soil,
as this element has a different spectrum of action ranging from essentiality to toxicity. Of the four varieties studied,
P1264934 and Kirmizi Yazik best met the criteria for use in environmental biotechnology.

Keywords: arbuscular mycorrhizal fungi, remediation, zinc, soils

1 Introduction

Mycorrhizal fungi (AMF) represent an environmentally safe way to extract metals from polluted soil
as part of environmental biotechnology. Their effect on enhancing remediation potential was investigated in
the extraction of zinc (Zn) from soil. The model organisms were four wheat species.

There are now over 400 known plant species that can take up significantly higher concentrations of
metals without showing signs of toxicity. We refer to such plants as hyperaccumulators. These include
mainly species with low biomass, but more recently the focus has been on agricultural crops with high
biomass and relatively high tolerance to metal toxicity. Indeed, heavy metals, organic contaminants,
radionuclides, antibiotics and pesticides can be remediated using plants [1].

Microorganisms play an essential role in enhancing heavy metal phytoremediation [2, 3]. The scope
for potential further research lies mainly in the determination of effective remediation resistance, as high
concentrations of metals in soil can be toxic not only to plants but also to soil microorganisms, thereby
interfering with their essential microbial activities, which also reduces soil fertility [4, 5].

In the context of soil-plant interaction, zinc is an exceptional micronutrient. Compared to other metals,
it offers a spectrum of interactions and its impact ranges from essentiality to toxicity, depending on the
amount and conditions [6-10].

In addition, the bioavailability of Zn is also significantly influenced by soil properties. Soils with low
pH increase Zn solubility and uptake, while alkaline soils precipitate Zn, limiting its availability. Soil organic
matter can bind Zn, reducing its immediate bioavailability, but slowly releases it over time [6, 11].

Arbuscular mycorrhizal fungi, primarily belonging to the phylum Glomeromycota, are mutualistic
symbionts that form relationships with more than 70 % of plant species. They penetrate plant roots and form
specialized structures called arbuscules in the cells of the root cortex [12]. AMFs increase the bioavailability
of micronutrients such as Zn through several mechanisms. AMFs form an extensive hyphae network that
increases the surface area for nutrient uptake outside the root zone. This network can make available
nutrients that are otherwise unavailable to plant roots [13]. AMF absorb low-mobility mineral nutrients from
the soil and transfer them to the plant with which they coexist in a symbiotic relationship. In return, the plant
supplies the fungi with carbon compounds derived from photosynthesis [14]. AMF can also influence the
expression of plant genes involved in nutrient transport. For example, genes responsible for Zn uptake are
up-regulated in mycorrhizal roots, facilitating higher uptake of Zn from the soil and its subsequent
translocation to different parts of the plant [15]. AMFs also improve soil structure by binding soil particles
into aggregates, improving water retention and aeration, which in turn promotes better root growth and
nutrient uptake [16].

102



Proceedings

2 Material and methods
2.1 Experimental material

As experimental material we used wheat varieties provided by the Gene Bank of Slovakia - Triticum
turgidum subsp. Durum, varieties P1264934, P1264936 and Kirmizi Yazik. In pot experiments we used the
soil additive SYMBIVIT® - MY corrhizal Fungi, PRODUCT CODE: 99902241. Symbivit contains natural
clay carriers, reproductive particles of 6 species of mycorrhizal fungi in the form of spores and parts of
colonized plant roots, bioadditives supporting the development of mycorrhizal symbiosis (natural humates,
seaweed extracts, ground rocks) powdered biodegradable polyacrylamide gel.

We planted 3 grains per variety in pots with 3 1 of commercially purchased potting medium. For each
variety, we planted 3 replicates of each of the following 4 variants: control (without any additive), 45 g
SYMBIVIT® (variant with mycorrhizal fungi, AMH), 75 mg Zn>*/kg soil (variant with Zn in the form of
sulfate), variant AMH+Zn.

Plants were cultivated in the culture room between April and May 2023. The set of plants of these
varieties was cultivated for 120 days from planting to the ear maturity stage.

Leaf pigment content was determined using the procedure of Lichtenthaler and Wellburn (1983). The
absorbance of the supernatant was measured at three different wavelengths of light (663 nm, 646 nm,
470 nm) on a Varian Cary 50 Conc UV-VIS spectrophotometer.

2.2 Zn content

Grain minerals as well as soil samples were analysed for Zn content in the accredited LABEKO
Ecoanalytical Laboratory. For Zn content determination, we ground the grains of the experimental plants
(TissueLyser LT) with a steel ball for 90 s and at maximum frequency (30 Hz). Subsequently, 200 mg of
homogenized material was mineralized with concentrated HNO; by microwave digestion in closed cartridges
in two steps. In the first step, mineralization was carried out at 180 °C for 30 min at a pressure of 20 bar 41,
followed by 180 °C for 15 min. The mineralizate was quantitatively removed, acidified with HNO; solution
and made up to 10 ml with deionized water.

2.3 Statistics and indices

Statistical analysis ANOVA and post-hoc Tukey's test and graph generation were performed in
RStudio using the scientific libraries MultcompView, Agricolae and ggplot.

Finally, to compare a potential of four varieties of wheat for using in environmental biotechnology, we
calculated four indices.

Zinc Resilience Index (ZRI) indicates how well a variety performs under zinc-deficient conditions
compared to zinc-sufficient conditions, and is calculated as (Zn level in grain for control) / (Zn level in grain
for Zinc treatment).

AMF Cooperation Index (ACI) was calculated to estimate how much a variety benefits from AMF in
terms of zinc uptake as (Zn level in grain with AMF - Zn level in grain without AMF) / (Zn level in grain
without AMF).

Biofortification Suitability Index (BSI) was calculated as (Zn level in grain for variety) / (Average Zn
level in grain across all varieties) to measure how suitable a variety is for zinc biofortification, considering
both yield and zinc content. Overall Performance Index (OPI) was expressed as a composite measure of the
other indices to rank overall variety performance as average value of (ZRI + ACI + BSI).

3 Results and discussion

Wheat cultivars were tested for ability to accumulate Zn in grains. Addition of AMF to soil was
expected to enhance plant growth and/or Zn transfer to grains. Plants of cultivar PI264934 had the tallest
stature, while cultivars Kirmizi Yazik and IS Durablank had comparable stature. We did not observe a
statistically significant change due to the effect of treatments, but AMF showed a tendency to promote
growth in all cultivars, except for Kirmizi Yazik.

For selected cultivars, we determined the contents of photosynthetic pigments as indicators of
tolerance to applied treatments. For the cultivars P1264936 and IS Durablank, we observed an increase in
chlorophyll A, chlorophyll B and carotenoids when growing in the presence of AMH in the soil substrate,
indicating mobilization of nutrients from the soil. As a result of zinc fertilizer top dressing in varieties
P1264934 and PI264936, there was a decrease in photosynthetic pigments content, on the contrary, we
observed a significant increase in varieties Kirmizi Yazik and IS Durablank as hormesis effect. The ratio of

103



6" International Scientific Conference on Biotechnology and Metals

chlorophylls A and B as an indicator of photosynthetic antennae maintenance [17] was significantly higher
only in cultivar PI264934 after Zn application, unchanged in cultivar P1264936 and lower in cultivars
Kirmizi Yazik and IS Durablank. From the results, we conclude that Kirmizi Yazik and IS Durablank
cultivars are more tolerant to Zn than P1264934, P1264936.
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Fig. 1. Height of experimental plants of four cultivars - cultivar P1264934, P1264936,
Kirmizi Yazik and IS Durablank
Data represent mean values + SD (n=3)
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For a given set of experimental plants, we also determined the corresponding Zn contents in grains
(Table 1). The highest content in the control treatments was determined for the cultivar Kirmizi Yazik, the
lowest for IS Durablank. The presence of AMH in the soil substrate after watering with Zn solution slightly
contributed to Zn transport into the grains of cultivars PI264934 and P1264936, but not for the other two
cultivars.

Table 1. Grain Zn content for the experimental wheat varieties

Wheat Control +AMF +Zn + AMF + Zn
PI1264934 46.00 42.50 70.00 73.75
PI1264936 61.25 48.75 82.5 83.75

Kirmizi Yazik 58.00 60.00 85.00 77.50
IS Durablank 50.00 42.50 75.00 60.00

The addition of AMF to the soil in combination with Zn top dressing had a synergistic effect and
caused a significant increase in Zn content compared to the other experimental treatments in P1264934 or
P1264936. Several studies have already shown that AMFs increase Zn concentration in soil and grains [13,
18], even protecting plants from excessive Zn accumulation at high Zn content in soil [19].

The Zn content in wheat grain is 31.84 mg/kg globally and varies among continents with an average of
25.10 mg/kg in Europe, 29.00 mg/kg in Africa, 33.63 mg/kg in Asia and 33.91 mg/kg in North America [20].
In our experiments, the addition of AMH and nutrient dressing resulted in Zn levels in wheat grains of
approximately 50 mg/kg, with the Kirmizi Yazik variety accumulating the most Zn in the grains.

AMFs can modulate the ability of plants to grow in soils with higher metal content and at the same
time take up Zn, making plants potential candidates for remediation and use in environmental biotechnology
even in lower quality soils. Among the tested varieties, we evaluated the overall performance index, which
yielded a ranking of the tested wheats for use in environmental biotechnology for metal (Zn) uptake from
soil. The overall ranking shows that PI1264934 and Kirmizi Yazik are the most suitable for use in
environmental biotechnology among the varieties tested.
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Fig. 2. Comparison of indices for the potential use of the investigated varieties in environmental biotechnology

4

for the extraction of metals from soil under the action of AMF

Conclusions

We studied the effect of AMF on Zn accumulation from soil on model organisms, four wheat varieties.

Based on a comparison of the effects of different experimental treatments, P1264934 and Kirmizi Yazik
showed the greatest potential for use in environmental biotechnology.
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Abstract

This study addresses the bioleaching of the potentially toxic elements (PTEs) arsenic (As) and antimony (Sb) from the
former mining site Medzibrod (Slovakia) employing three combinations of supported bioremediation approaches —
biostimulation of indigenous microflora of the mine soil with nutrients; and bioaugmentation of the mine soil with
specialized bacteria Cupriavidus oxalaticus. The aim was to select the most suitable approach for PTE bioleaching
based on its overall effectivity, and monitoring the process conditions to envisage the mechanism of releasing the PTEs
from the solid material. The methods for bioleaching of PTEs from two mine soils consisted of adding nutrient-rich
tryptic soy broth (TSB), and/or C. oxalaticus strain. Within the bioleaching process, pH, redox potential, concentration
of microorganisms, and mine soil toxicity were measured. Experimental methods led to a significant reduction of As
content in sludge material by 22.5 % to 30 % within 28 days, while a 6 % reduction in Sb content was achieved.
Although seemingly modest, the removal of 1.3 g of antimony is a promising basis for future experiments, emphasizing
the potential of bioremediation in addressing the PTE contamination. The results confirmed the potential of
microorganisms in the treatment of highly contaminated mine soils, opening the possibility of the further recovery of
PTEs.

Keywords: antimony, arsenic, bioleaching, Cupriavidus oxalaticus, mine soils

1 Introduction

Mining activities significantly impacted the economic and societal development in many countries.
The territory of Slovakia is well known for its mineral wealth, which contributed to the development of
several industrial areas. However, the consequences of its exploitation and processing on the environment
are becoming more apparent, necessitating the implementation of solutions to eliminate these environmental
burdens. Various PTEs are commonly found in the Earth’s crust as natural geological formations. This
geological background significantly affects the geochemical composition of the site, which is crucial for
assessing threshold values for certain elements, such as PTEs [1]. However, elevated concentrations of these
elements in the lithosphere are caused by anthropogenic activities, such as mining, which pose substantial
risks to human populations and ecosystems already at low concentrations [2]. These elements fall under the
purview of specific European Union regulations designed to mitigate risks associated with their usage [3, 4].

The significance of the PTEs lies in their versatile physical and chemical properties, which
predeterminate them for many industrial applications. They are irreplaceable e.g. in the electronic industry,
metallurgy, digital technologies, robotics, and the defense industry. However, despite their unique properties,
they are known also for their carcinogenicity, mutagenicity, and reproductive toxicity [2-4]. Since the
occurrence of PTEs in various ecosystems is irreversible, it is necessary to focus either on the immobilization
and preservation of the PTEs to avoid their release into the environment [5] respecting the physicochemical
conditions of the given area or, on the contrary, focus on the enhanced mobilization of PTEs, resulting in the
reduction of the contaminant load of the mine soil and obtaining of the raw material suitable for their
recovery [4].

It is well known, that microorganisms use to inhabit each environment, not excluding the materials
with a high load of contamination. Regardless of whether the contamination is organic or inorganic, the
microorganisms, especially bacteria, can adapt and activate the ,,survival mechanisms* which include the
evolution of several metal resistance mechanisms, such as extra- and intracellular sequestration, exclusion by
permeability barriers, enzymatic detoxification, reduction in sensitivity of cellular targets, and efflux pumps.
These resistance mechanisms are the basis for the use of microorganisms in bioremediation approaches.
Resistance systems are usually carried by plasmids or transposons and can be very effectively transferred to
other community members [6]. The experimental approaches for bioleaching of PTEs presented in the paper
are based on biostimulation of indigenous microflora by tryptic soy broth (TSB), bioaugmentation of the
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mine soil by the bacteria Cupriavidus oxalaticus, and their combination. The solution of nutrient-rich TSB
can re-activate the dormant-stage indigenous microorganisms and boost their metabolism so that they will
activate their above-mentioned mechanisms for coping with the presence of PTEs. The C. oxalaticus strain is
well known for its widespread use in bioleaching — it is resistant to PTEs and produces compounds effective
in the mobilization of As and Sb. Moreover, it is a part of the indigenous microflora of mine soils [4].
Bioleaching belongs to economically advantageous green technologies which can become an add-on or
complete alternative to the physicochemical methods for metal removal/recovery. This study aims to find
a bioleaching approach with the highest performance and easiest possible implementation, with the potential
to scale up to large volumes of substrates and with continuity with other industrial streams.

1.1 Deposit Medzibrod

The abandoned Sb-deposit Medzibrod is located in the north of central Slovakia, in Dumbier Tatras -
Mociar valley. Initially, it was a source of gold bound to pyrite-arsenopyrite ore, later antimonite. The
production peak was achieved in the period from 1941 - 1945, when 9000 t of Sb ore was mined annually
[7]. The entire site is composed of metamorphosed phyllites and green shales. Parent rock consists mainly of
stibnite and pyrite. Mineralization occurs in lenses and veins. The deposit is associated with a complex of
intensely metamorphosed rocks. Geochemically, elements are bound in mineralogical fractions of rocks, and
under low pH values and reducing conditions, potential toxic pollutants are released in the form of cations.
The ore formation exhibits a transitional type between Sb and Pb-Zn mineralization [8].

2 Material and methods
2.1 Sampling

The mine soil is a fine, clayey, waterlogged substance. Individual soil samples were collected using
a soil auger from different soil horizons (M4A - pH 5.53, depth of sampling 42 cm, M4B - pH 6.2, depth of
sampling 90 cm). The samples were air-dried and sieved to an analytical size (2 mm). Due to the testing of
various experimental approaches, part of the mine soil samples was sterilized in an autoclave (120 kPa,
120 °C, 20 min) to prevent the influence of indigenous microflora. Further details of applied experimental
approaches can be found in Table 1.

Table 1. Summary of the experimental approaches

. No. of .
Sample Labeling replicates Description Purpose
CONTROLS
- Sterilized mine Assessment of the potential water
Abiotic control ABC 3 soil + water leachability of PTEs.
- Monitoring of the impact of indigenous
Biotic control BC 3 I'\Ion-st.erlhzed microflora from the substrate to PTE
mine soil + water .
leaching.
EXPERIMENTAL APPROACH (EA)
L . Non-sterilized Rehydration and nutrition of indigenous
Biostimulation EAL 3 mine soil + TSB microflora of the substrate.
Biostimulation & Sterilized mine Introduction of specialized strain with
bioaugmentation EA2 3 soil + TSB bioleaching capability and its stimulation
I. + C. oxalaticus by the nutrient-rich medium.
Non-sterilized Introduction of specialized strain with
Biostimulation & mine soil bioleaching capability and stimulation of
bioaugmentation EA3 3 +TSB both introduced strain and indigenous
IL. . microflora of non-sterile sediment by
+ C. oxalaticus . . )
nutrient-rich medium.

2.2 Preparation of the bacterial inocula

The bacterial strain Cupriavidus oxalaticus CCM 7669 was obtained from the Czech Collection
of Microorganisms (CCM) in lyophilized form. The strain was revitalized according to the recommended
protocol, in Tryptic Soy Broth (TSB). For obtaining the application inoculum, C. oxalaticus was aseptically
subcultured to the pre-prepared sterile liquid TSB medium and cultivated on a rotary shaker (100 rpm) in ty,,
and dark. For bioaugmentation, 10 ml of the inoculum was applied to the flasks.
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2.3 Bioleaching experiments

The experiments were conducted in 250 ml Erlenmeyer flasks with 20 g of M4A or M4B mine soil.
The mine soil was mixed with 100 ml of pre-sterilized medium (either distilled water or TSB, depending on
the experimental approach described in Tab. 1). The leaching lasted for 28 days at ty, with occasional
shaking. At regular intervals, the physicochemical properties of the reaction mixture were measured (pH
with Mettler Toledo SevenCompact™ S220; redox potential with Elmetron CPC-401 instrument). After
28 days, the leachate was separated from the solid fraction using centrifugation and filtration. Colony-
forming unit (CFU) determination in the sample was performed aseptically in an inoculation box. A 100 ul
of sample was taken from the flask, suitably diluted tenfold in microcentrifuge tubes, and spread out to pre-
prepared sterile solid TSB in Petri dishes. Analyses of the PTMs content were conducted at the accredited
laboratory EL Ltd. (SpiSska Nova Ves) using the AAS-F, AAS-HG, and AES-ICP methods. A seed
germination test was performed on white mustard seeds Sinapsis alba to determine the toxic properties of
contaminating substances on higher plant representatives. Fifteen seeds of S. alba were applied to the
moisturized mine soil. After 72 h cultivation in ty;, and dark, the length of roots was measured and the root
growth inhibition percentage was calculated according to Equation 1,

_ (L¢—Lg).100 %

A (M

where I, represents the root growth inhibition, L. arithmetic average of the root length in control (distilled
water), and L arithmetic average of the root length in the sample.

3 Results and discussion

The experiments were focused on the bioleaching of PTEs, especially As and Sb from the mine soil
sourced from the Medzibrod site with extensive mining history. According to previous investigations of the
site, in Medzibrod mine soil, As and Sb occur in oxidized form, adsorbed (chemically bounded) onto
secondary formed iron oxides and oxyhydroxides, which were formed in the tailing pond by crystallization
from the pore waters [7]. Three bioleaching approaches based on biostimulation of the indigenous microflora
by nutrients applied as TSB; and bioaugmentation of the mine soil by C. oxalaticus strain were employed.
A detailed description of the experimental approaches can be found in Table 1. The initial analysis was the
determination of the concentrations of PTEs in non-treated mine soils, which are considered input
concentrations for assessing the performance of applied approaches. It can be observed that the elements As
and Sb are the only ones exceeding the limit concentrations according to the Directive of the Ministry
of Environment of the Slovak Republic No. 1/2015-7 [9]. The Directive defines indication criterion (ID),
exceeding of which gives an obligation to monitor the contamination. If the concentration of a parameter is
higher than the intervention criterion (IT), remediation is mandatory. Arsenic concentrations in the mine soil
exceeded the IT criterion by 1.5 to 2.7 times, while Sb concentrations were up to 230 to 300 times higher
(Table 2). In the further processing of the results, the focus was put on As and Sb.

Table 2. Initial concentrations of selected elements in mine soils

. Indication Intervention
Parameter Unit M4A M4B criterion (ID) criterion (IT)
Cd <0.2 <0.2 10 30
Ni o'l 19.29 4.39 180 500
Pb dmgr'n a%ter 36.2 33.35 250 800
Sb Y 18 649 24 151 25 80
Zn 62 66 1500 5000
As 212 373 65 140

Table 3 summarizes the post-treatment concentrations of As and Sb in the mine soil. In each
experimental approach, a decrease in the concentration of As and Sb was recorded, indicating the activity
of indigenous microorganisms either individually or simultaneously with the introduced strain C. oxalaticus.
The highest effectivity of Sb release — 6 % was achieved by the indigenous microflora, which was
reactivated by water (BC) (Figure 1). Given the high initial concentration of Sb, 21 400 mg.kg" (average of
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M4A and M4B), this achievement is promising, as it implies the leaching of 1.3 g of Sb from 1 kg of dry
mine soil. The results indicate that compared to Sb, As exhibited greater biological leachability in both mine
soils. The same phenomenon was observed also in our previous study [4], as well as in Ceriansky et al. [10].
They obtained 29.2 % release of As and 13.6 % release of Sb from the impoundment material by Aspergillus
niger when 1 g of sample was used. With the increasing amount of sample (10 g), the total concentration of
released Sb remained the same, however, the concentration of leached As decreased to 6.7 % on average. It
indicates that the weight of the substrate could influence the bioleaching effectivity. The most proven
approach was EA1, the biostimulation of indigenous microflora with TSB. The bioleaching performance was
17 % in M4A and 30 % in M4B mine soil. As for arsenic, comparable bioleaching effectivity was achieved
also by applying EA2 and EA3, combined approaches based on the introduction of C. oxalaticus strain. As
confirmed previously, this strain was identified in the indigenous microflora of mine soil with a high load of
As and Sb, therefore is adapted and equipped by mechanisms for the elimination of PTEs [4]. However,
taking into account the follow-up applications, it is more advantageous to focus on approaches that do not
require the production of bacterial inocula.

Table 3. Post-treatment concentrations of As and Sb in mine soils

M4A M4B
Sb As Sb As
mg.kg'1 of dry matter mg.kg'1 of dry matter
Analytica] control 18 649 212 24 151 373
ABC 18 662 214 24 120 363
BC 17 590 211 22 625 347
EAl 18 157 173 22 740 262
EA2 18 059 177 23 565 297
EA3 17 799 162 23 343 311
50 50
a) b) mABC
40 40 aBC
EAL
B|EA3

20

10
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Fig. 1. Effectivity of Sb (a) and As (b) bioleaching

In addition to determining the bioleaching capability, the focus was also put on outlining the potential
mechanism of bioleaching. This was allowed by the measurement of pH, redox potential, course of the
microbial concentration, and post-treatment toxicity. The pattern of PTE release from the substrate structure
depends on the type of contamination, geochemical composition of the substrate, prevalent physicochemical
conditions, composition of indigenous microflora, as well as on the activity of introduced microorganisms.
The measurements shown in Table 4 were performed for M4A mine soil sample. Generally, the initial pH
values were slightly acidic to neutral. For both abiotic and biotic controls, these values remained at a similar
level throughout the 28-day-long bioleaching. A change occurred in all experimental approaches (EA1 —
EA3), where the pH values slowly rose to slightly basic levels (approx. 8.7). Similar trend was observed in
our previous study [4] where an increase of pH was also determined during the bioleaching of mine soil by
activation of indigenous microflora by nutrient-rich medium SAB. Li et al. [5] observed the increase in pH
while performing the bioprecipiation of Cd*" by the Cupriavidus sp. strain Cd02. It indicates, that indigenous
strains, as well as C. oxalaticus could produce either substances, that increase the pH directly (e.g. lime) [5],
or the pH increase can be the consequence of the dissolving of carbonates and sulphates, which can be found
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in significant quantities in the mine soil. This dissolving might be a consequence of acid production (organic
or sulphuric) by microorganisms, as the solid substrate does not produce active acidity. The acidity produced
by the decomposition of sulphides (or microorganisms) is immediately neutralized by carbonates, which can
result in a pH increase [7]. As stated by Li et al. [5], at higher pH, ligands (phosphate, carboxyl, amino
group) are exposed on the bacterial cell surface, causing more negative charges, which support the
electrostatically-driven biosorption of PTEs with a positive charge on their surface.

Table 4. Initial and post-treatment physicochemical and biological properties of the reaction mixture

M4A H Redox potential Concentration of microorganisms 1, (%)
mine soil P (mV) (.10 CFU.mI™) n (7o
sample Day 1 Day 28 Day 1 Day 28 Day 1 Day 28 Day 28
AC 6.51 5.75 214 142 1 15 -23.26
BC 6.28 6.30 223 21 10 120 -68.42
EAl 7.15 8.73 73 -298 100 000 12 435 000 100
EA2 7.11 8.79 12 -85 103 000 000 22 150 100
EA3 7.17 8.86 35 -126 734 724 675 378 000 100

The initial redox environment in both control samples was indifferent and remained similar within the
bioleaching duration. Environments in all samples with applied experimental approaches were initially
slightly reductive, ending as strong reductive, including many fluctuations within these two ranges. The drop
in redox potential could be a consequence of hydrogen sulphide production [11], whereas the reaction
mixture had an intensive H,S stench. Metal sulphides contained in the mine soil can be dissolved by the
combined action of electron extraction by Fe’™ ions and binding of protons by the sulphide moiety via
valence band electrons. The chemical bond between metal and sulphur moiety can be broken by proton
attack and, after binding two protons, hydrogen sulphide can be produced [11]. The concentration
of microorganisms is expressed as the number of colony-forming units (CFU) per 1 ml of leachate. Microbial
count in ABC remained relatively constant throughout the experiment, representing the background biomass
concentration in all samples. In BC, a slight increase in CFU was observed. The moisturization of mine soil
by distilled water or TSB led to microbial reactivation, which is interpreted as background concentration for
experiments with non-sterile sediment. In EA1, non-sterile sediment was used along with the TSB medium.
Consequently, the indigenous microflora was more effectively revived, resulting in significantly higher
microorganism concentrations compared to both controls. In EA2 and EA3, a decreasing trend in CFU count
was observed. The approaches differed only in mine soil sterility. In EA3, non-sterile sediment was used,
leading to a higher CFU count in the Petri dish representing EA3 at the end of the experiment. Indigenous
strains are used to the presence of PTEs and might possess tolerance and resistance mechanisms, so they can
casily employ their mechanisms when their metabolism is activated. Unlike the collection strain
C. oxalaticus, although versatile with confirmed mechanisms to deal with PTEs, it was not able to take hold
in the environment with extreme concentrations of As and Sb. Determination of the toxicity by the S. alba
seed germination test was the indirect confirmation of successful bioleaching. While soils from both controls
had a stimulating effect (negative I, values), all EAs were completely inhibiting. This implies that Sb and As
were released from their bonds within the soil structure, causing toxicity to plant seeds. Although the
bioleaching potential was indicated and the possible pattern of biologically-mediated release of PTEs was
envisaged, further detailed geochemical, biochemical, and material research should be carried out to confirm
these assumptions. An inseparable step, as the bioleaching sequel would be the recovery of PTEs, which can
return these critical raw materials to usage.

4 Conclusions

A series of bioleaching assays based on biostimulation, bioaugmentation, and their combination
proved that this method can lead to the mobilization of PTEs arsenic and antimony. The approach based on
the reactivation of indigenous microorganisms, as well as biostimulation with a nutrient-rich medium might
by a sufficient basis for successful bioleaching. As for arsenic, biostimulation led to an average removal rate
of 23.5 %. The releasing of 1.3 g of antimony from an initial concentration of 21 400 mg kg™ was achieved
only by the re-activation of indigenous microorganisms. Research of previous studies devoted to mine soil of
Medzibrod, as well as monitoring of physicochemical and biological properties of bioleaching reaction
mixtures suggest a potential mechanism of bioleaching, based on the interaction of carbonates and sulphides
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from the mine soil with extracellular products of microbial metabolism, causing the change in pH and redox
environment. That can lead to the release of the PTEs and their bioprecipitation on the microbial cell surface.
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Abstract

The integration of photovoltaic panels in 21st-century urban landscapes has become widespread. Various types of
renewable energy systems (RES), including different photovoltaic panel designs, are now commonly installed on
rooftops, bus shelters, benches, city lampposts, and other urban infrastructure. The global push towards developing
"smart cities" is aimed at maximizing the use of alternative energy sources with a positive environmental impact.
However, alongside these advancements, new challenges are emerging due to the growing presence of electronic
devices and their critical technological components. This article offers a critical analysis of smart city development
worldwide, with a particular focus on Poland and the application of photovoltaics (PV). It examines the types of solar
cells used in PV panels, weighing the benefits and risks of incorporating photovoltaics into smart cities, and considers
the environmental implications and potential future issues related to the increasing presence of electronics, including PV
panels, in urban environments.

Keywords: smart city, BIPV, photovoltaics, PV

1 Introduction

The global adoption of renewable energy sources (RES) is on the rise, driven in part by the increasing
energy demand in previously less developed nations [1]. Solar energy, in particular, provides a cleaner
alternative to traditional power sources and helps mitigate climate change. Around the world, a growing
number of smart or green cities are being developed, equipped with advanced technology and supported by
photovoltaic (PV) solutions. These cities feature innovations such as smart benches (solar-powered to offer
charging ports and Wi-Fi), solar-powered lighting (reducing both energy usage and maintenance costs),
solar-integrated bus stops (with lighting and digital displays powered by solar panels), and solar carports that
generate electricity for electric vehicle (EV) chargers while providing shelter. In addition, building-
integrated photovoltaics (BIPV) integrate PV panels into rooftops or facades, helping buildings meet their
own energy needs and reducing grid reliance [2].

The smart city concept is gaining global momentum, with numerous examples showcasing the role of
PV technology in promoting sustainability and improving urban living conditions. These cities utilize solar
energy to meet growing energy demands while minimizing their environmental footprint. For instance,
Barcelona has embraced solar energy on a large scale in both public and private sectors. New York features
widespread rooftop solar installations across public buildings to encourage renewable energy use. Singapore,
constrained by space, has adopted innovative urban planning and technology to maximize solar power. Cities
like Helsinki and Oslo have prioritized sustainable energy solutions, including widespread PV panel
installations. Amsterdam, a pioneer in smart city development, also incorporates solar energy in various
urban projects [3].

2 Material and methods
2.1 PV panels applied in smart cities

Solar cells are generally categorized into three main types: crystalline silicon-based cells, thin-film
cells, and hybrid cells. Crystalline silicon-based cells represent the first generation of solar technology and
are made from semiconducting crystalline silicon, which can be either monocrystalline or polycrystalline.
Monocrystalline silicon cells, known for their high efficiency and durability, are ideal for areas with limited
space but high energy demands. On the other hand, polycrystalline cells are slightly less efficient but more
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affordable, making them suitable for larger installations where space is not a constraint. Monocrystalline
panels typically have an efficiency range of 18-22 %, while polycrystalline panels range from 16-18 %, both
of which are commonly used in rooftop solar setups.

Crystalline silicon (both monocrystalline and polycrystalline) remains the leading photovoltaic technology
today, along with second-generation thin-film solar cells. Thin-film cells, known for their lightweight and
flexible nature, can be integrated into various surfaces such as building facades or structures with
unconventional shapes [4]. They are gaining market share due to their lower material usage compared to
traditional silicon-based cells, making them a more cost-effective option [5].

Photovoltaic (PV) modules consist of several materials, including glass, metals, semiconductors, and
polymer layers, all tightly laminated together. Crystalline silicon (c-Si) cells, the most mature and widely
used PV technology, currently dominate about 92 % of the global market. A typical PV cell consists of
a p-doped wafer with a highly doped pn-junction. The surface is usually textured with pyramid (for
monocrystalline) or random (for polycrystalline) structures and covered with an anti-reflective layer (ARL)
to reduce light reflection. Silver and aluminium pastes are printed in a grid pattern on the front and back to
create the electric field necessary for energy generation.

2.2 Benefits and risks of integrating solar panels in smart cities

The adoption of smart solutions helps cities reduce energy consumption for lighting, leading to lower
costs. This can be achieved through intelligent street lighting systems that adjust brightness based on factors
like time of day, weather conditions, and traffic levels. Similarly, smart grids optimize electricity costs by
better managing energy distribution [6]. These innovations also contribute to energy independence, as cities
can generate their own power, decreasing their reliance on external sources and insulating them from price
fluctuations and grid disruptions.

For instance, smart meters and remote reading systems-key components of smart grids-allow
consumers to monitor their electricity use in real-time. This technology also enables remote control of energy
consumption in homes, businesses, and offices, preventing grid overloads and conserving reserve power in
power plants. By identifying network overloads and energy losses, distribution system operators can improve
grid management, enhancing the quality, security, and efficiency of energy supplies.

On a larger scale, cities can save energy by aligning supply with actual demand, or by providing
consumers with detailed information to make energy-efficient choices, considering both cost and
environmental impact. Additionally, the growth of photovoltaic (PV) installations brings economic benefits,
such as creating jobs in manufacturing, installation, and maintenance, which helps boost the local economy.
Access to clean energy and smart infrastructure not only makes cities more sustainable but also significantly
enhances their livability. A notable application of thin-film panels is in innovative photovoltaic systems
integrated into smart city buildings, such as solar roof tiles, windows, and facades made from photovoltaic
cells (known as Building Integrated Photovoltaics or BIPV). As the market for PV panels in renewable
energy continues to grow, it is increasingly important to understand and mitigate the environmental risks
associated with their use, ensuring safe operation and recycling practices. The scientific community should
pay particular attention to all types of panels, including thin-film variants, especially those containing toxic
elements like cadmium, tellurium, and TCE, to address potential environmental hazards.

2.3 Alternative energy sources based on solar energy in Poland

The use of solar energy for electricity generation in Poland has been steadily increasing [7]. According
to the Renewable Energy Institute, as of the third quarter of 2023, there were 6,929 photovoltaic projects
with connection agreements in Poland, totalling over 18 GW of capacity. Over a six-month period, the
capacity of grid-connected photovoltaic systems has nearly tripled [8]. Despite the varying weather
conditions and seasonal changes, Poland has favourable conditions for photovoltaic (PV) systems. The
Pomorskie, Zachodniopomorskie, and Kujawsko-Pomorskie Voivodeships lead in renewable energy
production, driven by greater access to technology, funding programs, and a growing environmental
awareness. Rising conventional energy costs have also spurred the installation of PV panels, particularly in
large cities where both public buildings and private homes have adopted solar energy solutions [9]. A key
feature of Poland's solar market is its decentralized nature, with widespread interest in small-scale energy
generation among citizens. Solar-powered street lamps, municipal bike systems, and other installations are
common in Polish cities, helping to reduce electricity costs. The government has also introduced various
incentives, such as subsidies and tax benefits, to encourage both small-scale and larger PV installations. The
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trend toward using alternative energy sources has become increasingly popular, further accelerating the
sector's growth [10].
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Fig. 1. Photovoltaic electricity potential in Poland

According to Solar Power Europe, Poland ranked fourth in the EU in 2023 for expanding installed PV
capacity, following Germany, Spain, and Italy [11]. Figure 1 shows photovoltaic electricity potential in
Poland. In 2023, Poland's solar market maintained a capacity of around 4.6 GW.

Poland is also embracing the smart city concept, incorporating advanced technologies and renewable
energy to improve sustainability and urban living. Cities like Warsaw, Krakow, and Gdansk are at the
forefront of this transformation. Warsaw, recognized as a smart city, has implemented initiatives such as
smart street lighting, intelligent traffic management systems, and extensive sensor networks to monitor urban
services. The city promotes the installation of PV panels on public buildings and homes, contributing to
clean energy generation and carbon footprint reduction. Warsaw ranked 38" in the 2024 IMD Smart City
Index [12].

Similarly, Krakow is investing in renewable energy, including solar farms and smaller PV projects.
The city has introduced electric buses, smart parking systems powered by solar energy, and bike-sharing
programs to improve mobility and reduce pollution. In the 2024 IMD ranking, Krakow holds the 78"
position [12].

In Gdansk, located in the Pomerania region, smart waste management systems and the deployment of
renewable energy technologies have helped optimize city operations. Further south, Wroctaw integrates
smart technologies into its urban planning, focusing on energy-efficient systems and digital services. Poznan,
in central Poland, also emphasizes sustainability by using PV panels, green spaces, and smart public
transport while leveraging data analytics and IoT (Internet of Things) to enhance governance and public
services.

3  Conclusions

According to IRENA’s 2019 report on the Future of Solar Photovoltaics [13], the widespread adoption
of solar cells could contribute to 21 % of the total emission reduction potential within the energy sector when
compared to other low-carbon technologies. As smart cities continue to develop, incorporating photovoltaic
(PV) panels will remain a central priority. However, there is still a lack of comprehensive research on the
long-term operation of PV systems, particularly concerning potential damage and the risk of toxic substances
leaching into the environment over time. In conclusion, although photovoltaic panels are crucial for the
sustainable growth of smart cities, it is important to take a balanced approach that considers both their
advantages and potential drawbacks. Collaboration among policymakers, urban planners, and technology
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developers is necessary to build resilient, environmentally friendly urban spaces that can adapt to future
challenges. While PV panels help reduce carbon emissions, their lifecycle-spanning production, installation,
and disposal-also poses environmental challenges. These include the extraction and processing of raw
materials, the energy used in manufacturing, and the land required for large-scale solar farms. To minimize
these impacts, effective recycling methods and material recovery strategies will be critical.
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Abstract

This study explores the bioleaching of platinum group metals (PGMs) from polymetallic sulfide ores using the
bacterium Acidithiobacillus ferrooxidans. Samples from two mining sites, Mikulov and Lehnschafter, were subjected to
bioleaching experiments in the presence and absence of catalytic additives. Copper sulfate (CuSO,) and silver nitrate
(AgNO3) were tested as catalysts to enhance platinum recovery. X-ray fluorescence spectroscopy (XRF) was employed
to monitor the platinum content over a 28-day period. The results demonstrated that Cu*" ions significantly accelerated
platinum dissolution, leading to a reduction in platinum concentration from 3549 mg/kg to zero in the Lehns sample.
In contrast, the addition of Ag" ions showed no significant effect. This research underscores the potential of
biotechnological methods, specifically bacterial leaching, as an eco-friendly and efficient approach for extracting
platinum group metals from ore, especially with the aid of catalytic agents like copper.

Keywords: platinum, bioleaching, Acidithiobacillis ferrooxidans, arsenopyrite ore

1 Introduction

The six platinum-group metals (PGM), commonly referred to as the platinum metals, includes
ruthenium, rhodium, palladium, osmium, iridium and platinum. These elements are widely dispersed and
rare in the Earth's crust. Platinum occurrences are either pure or are the source of sulphide deposits of copper
and nickel. Scales of polyxene are scattered among silicate grains in ultrabasic rocks [1-2].

Because platinum is excreted in metallic form, it was considered inert. However, recent studies [3-4]
have shown a higher proportion of soluble platinum metal compounds. Platinum metals can transform into
more soluble, bioavailable compounds once they enter the environment. This is due, for example, to
siderophores - low molecular weight organic compounds produced by plants, fungi and bacteria to increase
the availability of iron. These form soluble complexes with platinum and palladium, increasing their
solubility and mobility. The potential to increase the bioavailability of platinum metals is also noted for other
complexing agents such as ethylenediaminetetraacetic acid (EDTA) and humic substances, which increase
the solubility of platinum and palladium in fats. This leads to their possible accumulation in aquatic
organisms [5].

Despite extensive research focused on improving techniques for the bioleaching of various types of
sulfide ores, such as pyrite, chalcopyrite, sphalerite, and galena [6-7], the leaching of arsenic ores with the
addition of platinum is very rare. The low-cost requirements and environmental friendliness of
biotechnology make this option attractive for the extraction of platinum and rare earth metals in general
[8-9]. The aim of this article is to provide the necessary insights for the bioleaching of PGMs from primary
sources. The following sections provide basic information on the mineralogy of the examined platinum-
bearing ore, describe the bioleaching of the main mineral phases associated with PGMs, discuss the
challenges and opportunities of PGM bioleaching, and propose a method for the bioleaching of PGM ores.

2 Material and methods

Samples were collected from two locations (Mikulov and Lehnschafter) following silver ore mining in
the Mikulov ore district in the Ore Mountains. Both samples were crushed using a BB-200 jaw crusher
(Retsch GmbH, Haan, DE) to a particle size of 10-30 mm, and the material was ground in a VMA-386
laboratory vibrating mill (VIPO, Czech Republic) to the desired particle size of 71-100 um. This particle size
was necessary to increase the likelihood of releasing Pt grains from arsenopyrite and chalcopyrite for
subsequent bacterial leaching.
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2.1 Location description

The Krusné Hory Mountains form a continuous mountain range stretching over 130 km in length and
an average width of 40 km, formerly mined mainly for silver and to a lesser extent for lead and cobalt. The
silver veins, characteristic of the Mikulov and Hrob ore district, consist mainly of quartz (SiO,) and minerals
such as galena (PbS), sphalerite (ZnS), argentite (Ag,S), proustite (Ag;AsS3), pyrargyrite (Ag;SbS;) and
tetrahedrite (Cu,Zn,Ag,Fe);(Sb,As)S,.4). The most common ore mineral found almost everywhere in quartz
veins in the Mikulov Valley is crystalline and granular arsenopyrite. Another abundant ore mineral
interbedded in quartz is pyrite, which is accompanied in small amounts by sphalerite and chalcopyrite [10].
The most important minerals in the ore veins were galena with silver and noble silver ores (argentite,
proustite, pyrargyrite, stephanite and polybasite are mentioned). At present, there are still many mining
operations in Mikulov and its vicinity, as well as tailings, which represent waste material from the mining of
silver-bearing ores. The Lehnschafter mine and its Mikulov tailings [11].

2.2 Mineralogical composition

The mineral composition of two samples was analyzed. The measurements were performed using a
fully automated and modernized URD-6 diffractometer (Rich. Seifert-FPM, DE). The results of the
mineralogical analysis showed that the ores exhibited very similar mineralogical compositions and consisted
of more than 85 wt.% silicates, mainly quartz and muscovite, with smaller amounts of sulfides such as
arsenopyrite, sphalerite, chalcopyrite, and galena. Arsenopyrite and chalcopyrite are the most represented
sulfur compounds, occurring as disseminated and vein ores. The complete mineralogical analysis is
presented in Table 1.

Table 1. XRF X-ray diffraction

Mineral Mikulov | Lehnschafter
Content (%)

Quarz 72.09 75.03

Muscovite 16.35 10.92
Arsenopyrite 6.24 9.34
Chalcopyrite 2.07 0.57
Sphalerite 1.65 0.85
Fluorite 1.38 2.90
Galena 0.22 0.11

Due to the chalcophile nature of both samples, meaning they preferentially form bonds with sulfur
rather than with oxygen, the occurrence of platinum is noted in the form of fine inclusions in chalcopyrite
and arsenopyrite, as well as in sperrylite (PtAs,) and possibly also in daomanite (PtCuAsS,).

Platinum group elements (PGE) and concentrations of Cu, Fe, and As were analyzed using X-ray
fluorescence spectroscopy (XRF) on a DELTA Premium instrument (OLYMPUS INNOV-X,
s-Hertogenbosch, NL). The representation of the elements is shown in Table 2. The values of Pd, Os, Rh and
were lower than the detection limits in samples.

Table 2. Distribution of elements of interest in the samples

Pt | Fe | Cu | As
(mg/kg)
Mikulov 2640 37086 3023 7991
Lehnschafter 3679 3761 3761 12385

Pt tends to concentrate together with Cu, As, and Fe due to geological processes.

2.3 Bioleaching tests

Due to the high concentrations of relevant elements and the specific mineral composition, the
Acidithiobacillus ferrooxidans bacterium was selected for the experiments. This bacterium, sourced from the
Czech Collection of Microorganisms in Brno, can utilize sulfur or its reduced inorganic compounds as an
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energy substrate. Unlike other species in the Acidithiobacillus genus, it is also capable of obtaining energy
by oxidizing divalent iron to trivalent iron [12].

Tests were performed in 1000 ml Erlenmeyer flasks placed in an incubated Multitron II shaker (Infors
AG, Bottmingen, CH). To compare the leaching efficiency of samples containing additives, leaching of
samples without the addition of additives and without bacterial culture was also performed. For the
cultivation of bacterial cells of 4. ferrooxidans, Silverman's 9K medium was used, and approximately 6 liters
of it were prepared for the experimental part of this work.

To two leached samples, additives in the amount of 10 ml were added to enhance metal extraction. In
the leaching solution of sample no. 2, containing ore material from the Lehnschafter adit dump, a solution of
copper(Il) sulfate pentahydrate (CuSO,5H,0) was added as a source of copper cations. To prepare the
solution, 0.05 g of CuSO, was weighed and subsequently dissolved in 1 1 of distilled water. For comparison
of the effect of Cu®" cations during bioleaching of the ore, the sample was also leached without the addition
of the additive and labeled as number 1. Sample no. 4, containing ore material from the Mikulov dump, was
supplemented with a silver nitrate (AgNOs) solution. The additive, serving as a source of silver cations, was
prepared by mixing 0.005 g of silver nitrate with 1 1 of distilled water. The same sample was also leached
without the addition of the AgNO; solution and was labeled as number 3.

3 Results and discussion

Each trace element has chemical properties that are somewhat unique, and therefore unique
geochemical information is contained in changes in the concentration of each element. Some, especially rare
(noble) metals, are very unreactive and insoluble. Rare earths are interesting because they all have two
electrons in the outer 6s orbital and differ only in the number of electrons in the 4f shell. Because they almost
always have the same valence (3"), their bonding behavior is similar. They differ systematically in ionic
radius, resulting in systematic differences in geochemical behavior. Their rarity is in part a concequense of
their highly siderophilic character. The concentration of these elements in the silicate. Pt are all also
chalcophille althouth to varying degrees [13].

The tailings were probably oxidized, which led to an increase in the concentration of Pt and other
chacophilic metals. The Pt ratio of the untreated ore samples varied from 2275 mg/kg to 3824 mg/kg (see
Table 3 and 4).

Table 3. Results of Pt bacterial leaching Dump Lehns

| Pt(ATF) | Without ATF
(mg/kg)
1. Dump Lehns
Input 3824 3824
7 days 3603 3791
14 days 1879 3308
21 days 1791 3015
28 days 1271 2832
2. Dump Lehns + CuSO,
Input 3549 3549
7 days 3162 3407
14 days 2108 3136
21 days 933 2873
28 days 0 2691
3. Dump Lehns + AgNO;
Input 3606 3606
7 days 3600 3601
14 days 3583 3591
21 days 3535 3524
28 days 3527 3410
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Table 4. Results of Pt bacterial leaching Mikulov

| Pt (ATF) | Without ATF
(mg/kg)
1. Dump Mikulov
Input 2375 2375
7 days 2106 2190
14 days 1835 2004
21 days 1724 1976
28 days 1607 1831
2. Dump Mikulov + CuSO,
Input 2356 2356
7 days 2278 2237
14 days 2215 2224
21 days 2147 2190
28 days 2019 2133
3. Dump Mikulov + AgNO;
Input 2740 2740
7 days 2549 2597
14 days 2356 2502
21 days 1802 2331
28 days 1656 2206

Figures 1 and 2 show that the platinum content decreases with increasing leaching time, indicating that
platinum is dissolving into the solution.

Dump Lehns

Pt concentration (mg/kg

input 7 days 14 days 21 days 28 days

P ATF e ATF + CUSOY  em@umATF + AGNO3  e=@u=without ATF

Fig. 1. Pt bioleaching (Dump Lehns)

The leached ore was found to contain significant concentrations of arsenic and copper. Consequently,
CuSO, and AgNO; were selected as catalysts, with Cu>” and Ag" ions introduced into the leaching solution
to enhance the process. Metal ions, particularly copper, are commonly employed as catalysts in
biohydrometallurgy due to their ability to significantly accelerate bioleaching processes and improve metal
recovery [14-15].

During the bioleaching experiments, X-ray fluorescence (XRF) spectrometry was used to monitor the
depletion of platinum (Pt). The effects of bacterial leaching, both with and without the addition of catalysts,
were investigated at the Lehns tailings site. The leaching progression is illustrated in Figure 1. In the
presence of a catalyst, complete Pt removal was achieved within 28 days. In contrast, in the absence of a
catalyst, Pt concentrations were reduced to 1271 mg/kg after the same period.

Leaching with the addition of Ag" ions showed no significant effect, as demonstrated in Figure 1.
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Fig. 2. Pt bioleaching (Dump Mikulov)

Both catalysts were used in the leaching of the Mikulov tailings as in the previous experiment. The
sample with the addition of CuSQO, as a catalyst had no effect. The second sample had a lower Pt content in
the input (2275 mg/kg). It was confirmed that with the addition of catalyst, the Pt content decreased to
1010 mg/kg after 28 days of leaching.

The study confirms the role of bacteria Acidithiobacillus ferrooxidans in leaching iron polymetalic
sulphidic ore and the usage of bioleached copper sulphate as catalyst in the oxidation of Pt.

4 Conclusions

This study confirmed the effectiveness of bacterial leaching of platinum ores using the bacterium
Acidithiobacillus ferrooxidans and highlighted the importance of adding Cu®" ions in the form of copper
sulfate (CuSO,) as a catalyst to accelerate platinum leaching. The results showed that the presence of Cu**
ions significantly improved platinum solubility, with the platinum concentration in the Lehns sample
decreasing from 3549 mg/kg to 0 mg/kg over 28 days. In contrast, the addition of Ag" ions in the form of
silver nitrate (AgNOs) had no significant effect on platinum leaching. On the other side, bioleaching of the
Mikulov sample with the addition of Ag" ions shows a significant decrease of 1084 mg/kg within 28 days.
The research also confirmed that biological processes represent an environmentally friendly and efficient
method for extracting precious metals, particularly due to their ability to increase the mobility of heavy
metals in the processed ores.
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Abstract

New studies on the development of passive water treatment schemes at three abandoned mining sites in Saxony,
Germany, show the basic applicability of these methods at several locations in the Ore Mountains
(Krusnohoti/Erzgebirge). All constructed pilot plants contain a vertical flow bioreactor (VFBR) for active microbial
sulfate reduction in order to immobilize metals as poorly soluble metal sulfides in a specially developed substrate
mixture for sulfate-reducing bacteria. The VFBR in combination with other passive treatment stages constitute one
method, which can mitigate the pollution of rivers and streams with toxic elements from abandoned mines. The article
discusses the advantages and disadvantages of the experimental setup used to obtain design criteria.

Keywords: polluted mine water, passive treatment, microbial sulfate reduction, vertical flow bioreactor

1 Introduction

In many regions of Central Europe (e.g. Krusnohoti, Thuringia, Moravia-Silesia, Male Karpaty, etc.)
metal mining has been practiced for centuries. After 1990 many mines had to be closed and priority areas in
the former mining regions have been rehabilitated. Nevertheless, there are many remaining effluents from
abandoned mines without a legal successor, which exert a harmful impact on aquatic ecosystems today. As a
result, large sections of river suffer from mine effluents containing toxic elements like As, Sb, Cd, Zn, Ni,
Cu, U and others. Today more than 13,800 km of river in the Czech Republic, Slovakia, and Germany are
polluted with these toxic elements.

In Saxony, Germany, water authorities are facing challenges with effluents from numerous abandoned
metal and hard coal mines. Broadly 13 % of streams and rivers exceed their Environmental Quality
Standards (EQS) for As, Cu, Zn, Cd or Ni due to mining. A recent extensive study [1] commissioned by the
Saxon State Office for Environment, Agriculture and Geology examined the pollution of natural
watercourses with metals from abandoned mines in the Ore Mountain region. Results allow a detailed
breakdown of the overall pollution load to specific sub-sources including abandoned mines, spoil heaps and
tailings. These smaller-scale sources are predestined for cost-effective and resource-saving passive treatment,
which is considered to be the only economically viable method to achieve an improvement in the water
quality of the affected rivers in the mining region of the Ore Mountains.

The metals Cd, Cu, Ni, Zn, which are often found in mining waters, form poorly soluble sulfides.
They can be immobilized in bioreactors in which natural microbial sulfate reduction takes place. Based on
the study [1], three model sites have been selected in Saxony where passive water treatment schemes were
tested.

2 Material and methods
2.1 Water quality at the study sites

Table 1 shows the mining discharge and some chemical parameters of the selected study sites. The
availability of data at the three locations varies. A variety of data is available at the tailings management
facility (TMF) Hammerberg. Here the data given in Table 1 cover the last 10 years, while data from the other
two locations are based on average values of the last 2 years. The elements Cd, Cu, Ni and Zn can be found
at all three locations. They can be immobilised as sulfides in a strongly reducing environment.
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Table 1. Typical water quality at the selected study sites
Unit St. Christoph Leachate from | Leachate from
adit, Breiten- TMF Ehren- TMF Hammer-
brunn friedersdorf berg, Freiberg
Site no. 1 2 3"
Flow 1/s 4-6 4 4
pH - 7.1 7.1 5.5-6.5
Sulfate mg/ 40 1050 1500
Aluminum | mg/l 0.066 0.2 5-14
Manganese | mg/l 0.013 7.5 17
Zinc mg/1 3-4 4.5 27-57
Arsenic pg/l 41 1500 5
Cadmium pg/l 16 8.3 100-520
Copper pg/l 6 2.6 140-1020
Iron pg/l <0.03 9000 15
Nickel pg/l 3.1 270 94-129
Lead ng/l <0.5 <0.5 5-18

Y Where a range is given: the lower value represents the 25% percentile, the upper value the 75% percentile,
otherwise it is the arithmetic average
Most relevant pollutants are marked with bold letters

2.2 Experimental setups

Initially, column experiments were conducted with mine water from Breitenbrunn to test suitable
substrates and substrate mixtures for the sustained generation of reducing conditions. These are a prerequisite
for the growth of sulfate-reducing bacteria. A mixture of travertine, wood chips (22 % by volume each),
chopped straw (45 %) and commercial compost (11 %) (so-called biomix) proved to be very effective in this
case. Fig. 1 shows the experimental setup for the column lab-tests. After the successful start of the column
tests, a field test was carried out in an intermediate bulk container (IBC) directly at the mining site no. 1
(Fig. 2). The arrangement of the substrate layers was the same as in the laboratory test. Due to the larger
volume of the IBC, a scale-up factor of 100 was achieved compared to the column tests.

| Top water layer
H=25¢cm

116 om 4“‘

L Biomix
H=45cm

E Drainage layer
Travertin, H= 5 cm
Drainage layer
Gravel, H= 10 cm

Drainage pipe
Fig. 2. IBC used as vertical flow bioreactor
for field tests with its different substrate layers

Fig. 1. Experimental setup for the column tests
in the laboratory

Based on the experience with the IBC at Breitenbrunn, pilot scale experimental setups were designed
for the other two mining sites. The experimental setups are somewhat more complex because iron (at site 2
Ehrenfriedersdorf) and aluminium (at site 3 Hammerberg) must be removed from the mine water in addition
to the removal of Cd, Cu, Ni and Zn. In Fig. 3 and Fig. 4 drawings of the water treatment schemes at the
study sites at Ehrenfriedersdorf and at Hammerberg are shown. Fig. 5 and Fig. 6 show photos of the installed
equipment.
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Intermediate
storage tank
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Fig. 6. Equipment at the study site Hammerberg near Freiberg (site no. 3)

2.3 Microbial analyses

The microorganisms in the respective columns and pilot plants were monitored using light
microscopy. Their activity was monitored by determining sulfate and sulfide concentrations. The microbial
communities in the planktonic phase and the sediments were further analysed by next generation sequencing
to determine the dominant taxa. Anaerobic enrichment cultures were set up using soluble substrates to
cultivate sulfate-reducing microorganisms using water and sediment from the column experiments.

3 Results and discussion

It has to be mentioned that in all experiments (columns and VFBR-IBC) no specially cultivated SRB
were added, but that the microbial sulfate reduction by the autochthonous sulfate reducers began 2-3 weeks
after the start-up time.

As already reported in [3] the column experiments (Fig. 1) were conducted to test suitable substrates
and substrate mixtures for the sustained generation of reducing conditions in a vertical flow reactor. A
mixture of travertine, wood chips (22 % by volume each), chopped straw (45 %) and commercial compost
(11 %) (so-called biomix) proved to be very effective in this case. Comparative studies with typical soluble
substrates for sulfate reducers determined the advantage of the biomix and its better suitability in these
processes. The microorganisms showed remarkable sulfate-reducing activity and cells were mostly attached
to the solid substrate. The microbial communities in the columns were very divers and were dominated by
typical sulfate-reducing microorganisms, such as Desulfovibiro spp., Methanosarcina spp. and sulfite-
reducing Clostridium spp.. Stable separation rates for zinc > 95 % were achieved over a period of approx. 2
years. In parallel, more systematic studies were carried out on the behavior of the metals Cd, Cu, Ni and Co
as well as As. The experimental results showed high removal rates in the range of 95 — 98 % for all
mentioned elements.

The results of the field test at the Breitenbrunn mine site are shown in Fig. 7. The biomix substrate in
the aforementioned composition was quite effective in creating stable conditions for biochemical reduction.
After an initial phase, the Zn separation was >90 %, sometimes >95 %. However, this dropped to 70 % after
the start of the cold season (Oct./Nov.). The average separation performance over the entire testing period for
zinc removal >95 % was determined to be 2.41 g/(m* x d) based on the volume of the biomix.
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The results of the field test in Ehrenfriedersdorf were recently published in [2]. An almost complete
oxidation of the Fe(Il) and As(IIl) was achieved in the oxidation reactor (OXR). The retention of precipitated
solids (FeOOH with adsorbed As) was not complete (70-90 %). However, the OXR outflow showed neither
Fe nor As in dissolved form, but as particles. Fig. 8 shows the results for the Zn removal from the spoil heap
leachate. As expected Zn passes through the OXR with low retention in the reactor which is probably caused
by the partial adsorption on FeOOH. In the VFBR- after an initial delay a Zn retention of > 90 % was
observed. For this site too, similar to Breitenbrunn, the treatment efficiency dropped sharply with the onset
of the frost period. The same VFBR system as at site no. 1 (Breitenbrunn) was used. Following a start-up
phase, the sulfate reduction started spontaneously solely due to the autochthonous SRB as before at site no. 1
(Breitenbrunn). Besides typical sulfate-reducing microorganisms, the community analysis also showed the
presence of Cyanobacteria, diatoms and various common groundwater microorganisms. In order to prevent
the entry of residual FeOOH into the VFBR, the system was supplemented by an intermediary IBC planted
with sedges between the OXR and the VFBR. This IBC works as a filter for precipitates containing Fe and
As. This new experimental setup is shown in Fig. 3 and has been in operation since July 2024.
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. 8. Results for Zn removal from spoil heap leachate at the mine site Ehrenfriedersdorf (left)
and temperature in the OXR (right)

The pilot plant at Hammerberg recently started operating in July 2024. Here, too, sulfate reduction
began spontaneously 3 weeks after commissioning. Results are still undergoing evaluation and are due to be
published soon.

4 Conclusions

Passive treatment is a suitable method for treating effluents (<25 1/s) from abandoned mine sites. In
Saxony alone, the systematic investigations in [1] have shown a considerable number of metal-containing
discharges from old adits, spoil heaps and tailing management facilities that could be treated in this way.

At the three test sites described, sulfate reduction started without inoculation with specially cultivated
sulfate reducing bacteria and was maintained at a stable level. Only in the cold season, at temperatures
<4 °C did the performance of the sulfate reduction and thus the metal separation drop sharply. This is a
disadvantage of the experimental setup as used for cost reasons which is highly dependent on the ambient
temperature.

In order to obtain more realistic design criteria in future investigations, it is planned to carry out field
tests with earthworks of 1-1.7 m depth. There is a justified expectation that a satisfactory level of metal
separation efficiency can also be achieved in the cold season, especially as the temperature of the mine
effluents usually remains relatively constant at between 8 and 12 °C.

The same VFBR was used at the two mine sites no. 1 and no. 2 over a period of 3 years by moving it
from one to the next mine site. A decrease in sulfate reduction was not observed. However, fresh substrate
(biomix) can also be added if required.

Mine waters with different element combinations can be treated by a sequence of several treatment
stages. In this way, clogging of the VFBR by iron and/or aluminum precipitates can be prevented.
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Abstract

Lithium-ion batteries (LIBs Li/SOCI,) batteries are the most common power supplies for electric and electronic devices.
Since only 5 % of used Li-ion batteries are recycled, the issue of easy detection of LIBs waste in combination with its
removal became urgent. Although the lithium is not expected to bioaccumulate and its human and environmental
toxicity is low the concentration of lithium/lithium ion in the surface and water possibly reaches higher ammounts as is
expected. Lithium is harmful for effects on embry, glycogen synthesis, hematopoiesis and stimulate plant growth.
However, the mechanism of lithium action is still unclear. We are presenting a novel manner for possible lithium-ion
trapping. Using a double Schiff-base derived ligand/s, that is in fact a side product of the Ketcham reaction the nickel
(I) and copper (II) complexes are formed. These are expected to exist in a form of metal-organic framework (MOF)
with ability to adhere lithium/ lithitum ions inside the cavitiy. In addition, the benzimidazole-based derivative acts as a
detector and recapturating agent for thionyl chloride, as we have presented in our research quite recently.

Keywords: detector, double Schiff base, Lithium-ion battery, MOFs

1 Introduction
1.1 Lithium-thionyl chloride batteries (LIBs)

Composition of the LIBs consists of metallic lithium anode, a porous carbon cathode, and the non-
aqueous SOCI,:LiAlCl, electrolyte. Thionyl chloride is effective as cathode and in the same time as
electrolyte. The electron is released from the lithium atom according to electrochemical equations [1]:

(1) Cathode: Li — Li" +¢ (2) Anode: 4Li" + 2SOCl, + 4e” — 4LiCl + S + SO,

Lithium thionyl chloride battery (SOCI,) is one of the most commonly used electric power sources
effective due to the long shelf-life, stable discharge voltage, broad operation temperature range (from -50 °C
to 80 °C), and high energy density [2]. Highest theoretical working voltage of LIBs is 3.6 V, excellent output
specific energy (up to 590 Wh/kg) and large working temperature interval [3]. As the consequence of the self
discharge of Li/SOCI, system LIBs has to be re-charged every 4-10 days [4]. Althought the benefits, the
basic drawback of LIBs is that almost 1/3 of stays unconsumed and goes to electric waste.

1.2 Detection of the thionyl chloride from LIBs batteries with tracing effect on Li"

A source of lithium posing impact to the environment is higher than expected. There are known cases
when consumers routinely dispose the batteries along with other garbage in the municipal solid waste. The
easy and rapid detection of SOCI, has a subsequent secondary impact on lithium’s ion tracing from the
noutilizable LIBs waste residuals. For this purpose we have designed and synthesized benzimidazole based
detector with rapid response to the reaction with thionyl chloride. It is accompanied by an immediate color
change detectable by eye (Scheme 1). These results were already prepared and accepted for publishing
within IJEST [5].

Another and more desirable detection of lithium ions could be provided by its bounding to
coordination compounds able to create metal-organic frameworks (MOF).

Metal Organic Frameworks (MOFs) are crystalline porous solids composed of a three-dimensional
(3D) network of metal ions held in place by multidentate organic molecules [6].

While studying the process of the Ketcham reaction we have detected a formation of by-product the
double Schiff base (Scheme 2). Until now, a formation of the particular double Schiff base have been noticed
only twice with no further relevance in synthesis [7, 8].
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Scheme 2. Ketcham reaction (salicylaldehyde 717 with dithiooxamide V) in acetonitrile with marked
by-product - double Schiff base (V)

We are now able to use possible ligand bounding with various metal ions. More specifically,
coordination with Ni*" and Cu®*" have been examined. In case of Cu®" ions there are studies that suggested
forming of MOFs with ditioxamide as ligand. [9, 10] Together with the fact that the porous structure of
MOFs could accommodate the deposited Li metal. The Co, Zn co-doping effectively improves the
lithiophilicity of framework, which attracts Li" [11]. This leads to assumption of the same detection
mechanism with lithium ions. The suggestions are supported with resuls published by Biswal et al. in 2019
[12] showing the formation of the hexameric cluster composited of thiazolo[5,4-d|thiazole nickel complex
building units (Figure 1). Cluster is effective as photoabsorber for solar hydrogen evolution.

et

Fig. 1. Thiazolo|[5,4-d|thiazole-based Ni** coordination compound forming MOF-type scaffold for hydrogen
absorption, according to Biswal et al. [12]

131



6" International Scientific Conference on Biotechnology and Metals

2 Material and methods
2.1 General

All commercially available chemicals were used as received without further purification.

For synthesis of target derivate / have been used o-phenylenediamine (Thermoscientific, CAS no 95-
54-5) and N-cinnamoylglycine 98 % (SIGMA-ALDRICH, CAS no 16534-24-0). For sensing have been used
thionyl chloride (Merck, CAS no 7719-09-7).

For synthesis of target derivate V" have been used salicylaldehyde (CAS No. 90-02-8), dithiooxamide
(CAS No. 79-40-3), hexamethylenetetramine (urotropine) (CAS No. 100-97-0), acetonitrile (CAS No. 75-
05-8)

For monitoring of the complex formation have been used nickel acetate and copper acetate solutions.

2.2 Synthesis method

Salicylaldehyde (3 mmol, 0.325 g) and dithioxamide (3 mmol, 0.319 g) was dissolved into acetonitrile
(5 ml) in the boiling flask. Subsequently, urotropin (0.3 mmol, 0.037 g) was added. The reaction mixture was
heated to a temperature of 70-75 °C. From that moment, a fraction of the reaction mixture was taken
regularly, every 2 minutes to 10 minutes from the start of heating. After 10 minutes (five fragments),
fragments were taken every 5 minutes (four fragments) until 30 minutes of reaction time had elapsed. The
next fragment was taken after 60 minutes and the last one at the end of the reaction time t. j. for 90 minutes.
Fragments were taken with a volume of 0.4 ml.

2.3 Addition of nickel acetate - Ni(CH;CO,),'4 H,O

After removing and cooling fractions of the reaction mixture after 2, 4, 6, 8, 10, 15, 20, 25, 30, 60,
90 minutes, these fractions were diluted with acetonitrile to a volume of 2 ml, and the same amount of nickel
acetate was added to each fraction - deep green aqueous solution. This was followed by monitoring the
change in physical properties, especially the immediate color change of the solution from the original almost
colorless or clear orange solutions to strongly dark blue to black solutions for all fractions taken. Another
monitored phenomenon was the formation of a dark blue to black precipitated substance in the solution.

Reactions were monitored by thin layer chromatography (TLC) on plates pre-coated with silica gel
(size of particles 200 - 400 mesh). '"H NMR spectra were measured on a Brucker type instrument (400 MHz).

3 Results and discussion

The formation of possible by-product with the structure of double Schiff base ligand during the
Ketcham reaction towards the thiazolo[5,4-d]thiazoles (Scheme 3) have prompted us to of the application
potential to create the coordination compunds as scaffolds for lithium ion absorption. According to
Scheme 3, it can be seen, that we have performed a series of reactions following the Ketcham reaction
protocol. By varying reaction conditions not only the main products of the reaction - thiazolo[5,4-d]thiazoles
were isolated, by under the specific conditions also the mixtures of the main product with by-product - the
desired double Schiff base were identified. Reactions were performed using thiophene and furan-2-
carbaldehydes.

Targedet Schiff-bases were isolated only in two-cases, both in the mixture with the main products of
the Ketcham reaction, the thiazolo[5,4-d|thiazoles. Neverthelles, the geometry optimization by means
theoretical calculations have showed that either in the case of furan-substituted double Schiff base or a ligand
containing thiophene substitution are stable in a linear form (Figure 2). In fact, linear ligand are not ideal to
afford coordination compounds with cross-linked scaffolds. Therefore, beyond varying the reaction
conditions, the substrate - aldehyde have been switched from five-membered heterocycles to salicylaldehyde.
Reaction of 1 equivalent of dithioxamide with 1 equivalent of salicylaldehyde was conducted under the
ambient reaction conditions, using acetonitrile as solvent and urotropine to maintain the pH of reaction
slightly acidic (Scheme 2). Importantly, the geommetry optimization have revealed to stable bent-shaped
structure of ligand VI as more stable over the linear (Figure 3). The bent-shaped ligand VI offers the
coordination mode for metal ions inside the ,,cavity®.
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Scheme 3. Synthetic efforts towards the double Schiff bases as by-products of the Ketcham reaction

Fig. 2. Linear arrangement of furan-(left) and thiophene-substituted (right) double Schiff bases created during
the Ketcham reaction towards the main products substituted thiazolo[5,4-d]thiazoles
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Fig. 3. Stable bent-shaped geometry of double Schiff base with the possible coordination mode inside the cavity
(left) and unstable linear conformation (left)
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Althought the traces of double Schiff-base derived from salicyliladehyde V' (Scheme 2) have been
isolated as pure compound without the main thiazolo[5,4-d]thiazole VI (Scheme 2) and hence, proper
structure have been identified, the isolation of higher ammounts is challenging. As the consequence, we have
performed the reaction in a manner in which the central atom in a form of nickel or copper acetate have been
added to the mixture subsequently upon ligand formation. To prevent the formation of the main product, the
ammounts ranging from 1ml to 3 ml were removed from the reaction mixture during the processing in time
intervals of minutes (4, 6, 8, 10, 15, 20, 25,30, 60 and 90 minutes). The formation of an appropriate complex
was implied according to colour change as monitored by UV-Vis (Figure 4). From absorption maxima at
Amax = 505 nm / grey line (Figure 4) it can be concluded, that double Schiff base V' (Scheme 2) is released
almost undetectably quickly, upon maximum of 4 minutes. It is evident, that after this reaction time
absorption maxima falls below the visible region (< 400 nm) A; = 325 nm, A, = 380 nm corresponding most
probably with the structure of thiazolo[5,4-d|thiazole VI (Scheme 2). Such result also confirms, that the
coordination compounds derived from thiazolo[5,4-d]thiazole are rather rare or not possible to achieve.
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Fig. 4. Reaction monitoring of the Ketcham's reaction with the subsequent complexation with nickel acetate as
the approach towards the formation of nickel complexes of double Schiff base ligand V7

Upon structure-identification process, what is currently quite challenging, since the isolation of stable
double Schiff base V in higher ammounts and quality are still under the progress, we will focus on
a possibilities of lithium ions recapturation within the structure of isolated compounds. Herein, we are able
theoretically predict the possible site of lithium ion capturing inside the coordination sphere of complex with
double Schiff base as ligand and Ni*" or Cu®" as central atom (Figure 5). Appropriate complex should act as
a building unit of crosslinked macrocycle of MOF-type. The work to that end requires further research.

Fig. 5. Theoretical proposal of the lithium recapturating mode inside the coordination sphere of M?* complex
(M** =Ni**, Cu®") with double Schiff base V (Scheme 2)
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4 Conclusions

To conclude, detection of the traces of thionyl chloride in environment could lead to detection of the
Li" ions from LIBs in landfills with waste from spent LIBs.

Detection of Li" is quite desirable and we propose herein, that by the use coordination compound as a
part of MOF- type cluster could be reached. Such type scaffold can act as lithium-ion absorber. Until now,
by means of UV-Vis we were able to detect and distinguish between the formation of Ni*" coordination
compound with the double Schiff base V" acting as ligand or pure thiazolo[5,4-d]thiazole created as the main
product of the Ketcham reaction. Although, the structure investigation are under progress and we can
currently end-up our research only with theoretical models and predictions of lithium recapturing mode, we
have found, that the formation of the particular type of double Schiff base ligand is very fast process, in some
cases undetectable. The Schiff base itself is suitable as ligand only if the bent-shaped geometry is preferred
prior to the linear.
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Abstract

Mining and metallurgical tailings represent a metal resource, but also a significant environmental problem. Depending
on their properties, they can also be used in construction, road building, mining or land reclamation. The recovery of Zn
and Pb from tailings dumped after ore processing is an example of the use of mineral wastes. This paper presents the
results of a study on the possibilities of using post-flotation wastes deposited on old tailings disposal sites for land
reclamation. The physical and chemical properties and ecotoxicity studies of the waste were carried out. The
investigated waste is classified as silty sand, containing mainly carbonate and clay minerals and quartz. The chemical
composition is mainly CaO, MgO, SiO,, AL,Os3;, SO; and ZnO. Despite the presence of heavy metals, their leachability
does not pose a threat to the groundwater environment. Only the leachability of sulphates from the tested waste exceeds
permissible quantities. The results of toxicity tests carried out on the tested waste: the Lepidium sativum germination
test in an aqueous extract of the waste and the Phytotoxkit for the solid phase in relation to Sorghum saccharatum,
Lepidium sativum and Synapis alba showed no phytotoxicity.

Keywords: post-flotation waste, waste utilization, reclamation, phytotoxicity

1 Introduction

The waste accumulated over many years at tailings disposal facilities, metallurgical waste dumps,
metal ore tailings dumps or energy waste dumps can be anthropogenic deposits from which commercially
usable raw materials can be obtained. Exploitation of such deposits contributes to the recovery of the waste
stored therein, which is a substitute for natural resources, thus saving their resources and acquiring
previously occupied land that can then be used in various ways. The recovery of raw materials from
anthropogenic deposits, which has been ongoing for many years, nowadays fits into the model of a circular
economy in force in the EU [1]. The type of potential raw materials collected in an anthropogenic deposit, as
well as the profitability of their extraction, depends on a number of factors related to the source of the waste
(type and quantity of waste deposited), the effectiveness of the former processing methods carried out (raw
material content), the method of storage (selective, non-selective), the age of the deposit or the physical and
chemical changes that have taken place within the deposit. The risks to the environment and human health
from the operation of landfills are also important. All these aspects have impacted on the economic
assessment of landfill mining processes [2, 3].

Non-ferrous and ferrous metals, plastics and combustible fractions (as fuels) are recovered from the
landfills of municipal solid waste [4-6].

The extraction of metals from mineral landfills requires the use of technological operations known
mainly from open-pit mining and processing operations used in the processing of metal ores. The result is
metal concentrates and tailings that should be used as much as possible [7-9].

Base-metal tailings have been used as aggregates for mortars [10]. Reuse of these tailings produces
mortars with good mechanical and durability performance, and the risk of metals release from tailings
mortars is low. Thomas et al. [11] observed that copper tailing may be used as partial replacement of natural
fine aggregates in cement concrete until 60 % replacement is achieved. According to [12], the best tailings
reuse based on corrosion performance and cost efficiency analyses was utilisation of 5 % pre-wetted cooper
tailings either as a cement replacement or an additive material. Because of grain composition, post-flotation
waste cannot be used in underground mines as hydraulic backfill. However, it can be used as a component of
suspensions (with binding materials such as fly ash after coal combustion or cement) designed for sealing
longwalls with cavingsin underground mines [13].

In the case of reclamation works, the waste is used as a material or component of various blends in the
technical phase to shape the relief and improve the physical and chemical properties of grounds, and in the
biological phase, in the process of soil reconstruction [14, 15]. The application of waste in reclamation
depends on fulfilling the requirements defined in legal acts, regarding the geo-mechanical effect of waste on
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terrestrial and aquatic environment and vegetation. Thus, a certain scope of research must be conducted,
including, first of all, an assessment of the amount of chemical pollutants from waste which can get into the
environment, and the assessment of the impact of waste on living organisms, especially plants [16].

The article presents the results of studies on the possibility of use of post-processing waste in land
reclamation. This waste was created in the process of re-flotation of old post-flotation waste after the
processing of zinc and lead ores. The purpose of re-flotation was to recover metals from storage waste.
Because the age of the landfill is several dozen years, the landfill was partly reclaimed, a comprehensive
approach to its exploitation is important. Recovery of useful components from deposited waste, such as zinc
and lead sulphides used for metal production is important, but the issue of residue management (waste) after
the processing, especially after flotation, is important too. In order to avoid the build of a new repository, it is
necessary to carry out a series of tests to determine the possibilities of their use. Due to environmental as
well as social aspects (society’s fear of exploitation of a disused landfill and construction of a new
repository), it is necessary to develop methods for using this type of tailings. One of the considered
possibilities of using this kind of waste is the use in engineering works. In order to determine the suitability
of tested waste to the production of materials used for reclamation, tests of physical and chemical properties
were carried out, as well as tests of their phytotoxic properties.

2 Materials and Methods

The subjects of studies were post-flotation waste, formed in the process of metal recovery from waste
deposited in old repositories of a zinc and lead metallurgy plant. To define the possibilities of the utilisation
of the examined waste, their physical, chemical and phytotoxic properties were determined.

Grain composition was marked with the laser diffraction method using the Analysette 22 by Fritsch.
Phase composition was determined using the Philips APD PW 3020 X’Pert diffractometer. Chemical
composition was determined by the Inductively Coupled Plasma Spectrometry/Atomic Emission
Spectroscopy (ICP-AES) and by the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with the use
of the Perkin Elmer Elan 6100 apparatus. Leachability tests were conducted according to the EN 12457-2
standard. The distilled water, with a liquid-to-solid ratio (L/S) of 10, was used as a leaching solution. The
suspension was agitated in a plastic flask for 24 hours, then the mixture was filtered through a 0.45 um
membrane filter. The resulting leachate was analyzed for pH and trace elements using ICP-AES and ICP-MS
methods. The amount of chlorides was analysed using the Volhard titration method.

Toxicity testing included a standard test of aqueous extract of waste in relation to the test plant
(Lepidium sativum). The water extract was prepared from the waste (standard procedure), and then a range of
solutions was prepared: 6.25 %, 12.5 %, 25 %, 50 %, and 100 %. 3 ml of the prepared solution was put to
Petri dishes, lined with the filtration paper (three repetitions for each concentration); control dishes were also
prepared. 10 seeds of Lepidium sativum were put to each dish and incubated for 72 hours. Then the length of
roots was measured.

To assess the phytotoxicity of the waste, a Phytotoxkit test for the solid phase was also performed. The
test is in accordance with ISO 18763. Waste and reference soil test objects (control objects) were prepared
on Phytotoxkit test plates. The phytotoxicity of the waste was assessed in relation to Lepidium sativim,
Sorghum saccharatum and Sinapis alba. Test plants were incubated in an incubator, at 25 °C in the dark.
After three days, germination (germination inhibition) and early growth of test plants were assessed.

3 Results and discussion

The studied waste has very fine granulation (Fig. 1). It is typical of post-flotation waste and results
from grinding the waste before it is flotated. Almost 50 % of grains are below 100 pm, and the maximum
size of grains is 550 um. The waste in its composition contains 68 % sand fraction and 32 % dust fraction
and according to the soil classification guidelines in EN ISO 14688-2:2018 [17], the tested waste is classified
as silty sand (siSa).

The dominant mineral phases are the common naturally occurring dolomite, calcite, quartz and
kaolinite (Fig. 2).
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Fig. 1. The grain size composition of the studied waste
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Fig. 2. X-ray diffraction pattern of studied waste
(dolomite - D, quartz - Q, calcite - C, kaolinite - K, bassanite - B, merwinite - M)

Table 1 shows chemical composition of the studied post-flotation waste. The main elements are CaO,
MgO, SiO,, Al,Os, which also occur in soils naturally. Note the content of ZnO and SO;, which is obvious,
as the waste represents the residue from processed Zn and Pb ores.

Important problem that can arise when re-using waste for reclamation is its impact on the aquatic
environment through the dissolution and leaching of substances contained in the waste. The results of the
tests of leachability of the tested waste are presented in Table 2. The leachability results were compared with
the upper limits of substances that are particularly harmful to the aquatic environment when introduced into
soils and/or surface waters [18]. The pH value of the water extract complies with the limits. In the case of
biological reclamation, the pH value has a significant impact on the growth, development and yield of plants.
The most advantageous level is in the range from slightly acidic to neutral [19]. The pH values in the
samples are close to neutral. Despite the presence of heavy metals in the studied waste, their leachability
does not pose a threat to the aquatic environment. This is due to the occurrence of metals in bound forms,
hardly soluble [20]. Only the value of sulphates exceeds the acceptable one (1354 mg SO,*/dm’, while the
accepted value is 500 mg SO,*/dm’). The high leachability of sulphates, is a result of the weathering
processes of sulphides present in the landfill waste, which can lead to acidification of the soil and water
environment. Due to the concentration of sulphates, the direct addition of this waste to the ground is
impossible. So this waste cannot be used as the final product in a reclamation process. Its application will
depend on whether it can be blended with other materials to lower the leachability of pollutants, which is
practiced in engineering works and usually means mixing waste in proper quantities with the subsoil and
other ingredients. On the other hand, sulphur is a biogenic element, essential for plant life, which only takes
it up from the soil solution in the form of sulphates. Therefore, the studied waste may have a positive effect
on reducing the soil's sulphur deficit.
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Table 1. Chemical composition of post-flotation waste

Major elements content [% dry mass]
P,Os | Mn,Os | SiO, | ALO;|Fe,05] CaO | MgO | ZnO | PbO | K,O |[Na,O| SO;
0.01 0.78 16.5 | 991 | 11.57 |31.38|19.08 | 3.12 | 0.65 | 036 | 0.05 | 6.45
Trace element content [mg/kg]|
As Cd Cr Cu Co Mo Hg Ni Sn Sr Ti
0.71 0.10 | 25.62 |460.49| 5.09 | 0.13 0.03 | 33.94 | 0.003 | 87.05 | 104.0
Table 2. Leachability of chemical pollutants from post-flotation waste
. Post-flotation Acceptable. . Post-flotation Acceptable value
Kind of value according Kind of .
. waste . waste according to [18]
pollution [mg/ dm3] to [18] pollution [mg/ dm3] [mg/ dms]
& [mg/dm’| & g
pH 7.85 6.5-9 Mercury 0.0001 0.03
Sodium 1.48 800 Cadmium 0.0214 0.2
Potassium 2.75 80 Selenium <0.02 1
Calcium 499.9 no requirements | Antimony 0.00023 0.3
Magnesium 33.2 no requirements | Aluminium 0.002 3
Strontium 0.602 no requirements | Chromium 0.004 0.5
Manganese 2.039 no requirements | Molybdenum 0.015 1
Zinc 0.761 2 Titanium <0.002 1
Copper 0.0017 0.5 Arsenic 0.0012 0.1
Nickel 0.006 0.5 Chlorides 2.1 1000
Cobalt 0.0044 1 Sulphates 1354 500
Lead 0.0024 0.5
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The results of the phytotest relative to Lepidium sativum, carried out on waste water extracts, did not
show any negative effect of the tested waste on the early growth of the test plants. In all the solutions tested,
the average root lengths in the water extracts from the tested soils were longer than in the control sample
(Fig. 3). This indicates that the tested wastes are not toxic to Lepidium sativum. The greater average root
length in the test samples could indicate that the waste has stimulatory properties. To confirm or reject this
thesis, Anova analysis and Tukey's post-hoc test were performed. This analysis did not show that the
differences in root lengths between groups were significant. Figure 4 shows the range of root lengths in the
aqueous extracts from the wastes tested.
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On the basis of the analysis of the Phytotoxkit test results, the inhibition of plant germination in the
experimental objects relative to the control objects was calculated (Fig. 5). A germination stimulation PE =
-3.45 % (PE - phytotoxicity effect) was found for Sorgho saccharatum, no effect (PE up to 20 %) on the
germination of Sinapis alba (PE = 20 %) and a low risk (20 % < PE <50 %) of Lepidium sativum (PE =
25 %). The different effects of the tested wastes on the germination and early growth of the test plants are
related to the different environmental requirements of the species used in the Phytotoxkit test. However, no
phytotoxicity of the tested wastes was found.

4 Conclusions

The assessment of the properties of the examined post-flotation waste of lower content of metals was
to identify the possibility of applying this waste for engineering purposes, including especially its ecological
utilisation, e.g. in production a material (subsoil) for natural land reclamation.

The analysis of the granulometric composition showed that the examined material of granulation
corresponds to silty sands. The main elements are CaO, MgO, SiO,, Al,O;, which also occur in soils
naturally. Note the content of ZnO and SOj;, which is obvious, as the waste represents the residue from
processed Zn and Pb ores. When comparing waste leachability with legal requirements for wastewater
released to the ground, the excess of the load of sulphate ions was found.

On the basis of the toxicity tests carried out, such as the germination test in the aqueous extract of the
waste relative to Lepidium sativim and the standard Phytotoxkit microbiotest for the solid phase, no
phytotoxicity of the mineral wastes tested was found.

The analysis of the physicochemical and ecotoxicological properties of the metal-poor post-production
Zn and Pb wastes showed that the tested mineral wastes could be used as an additive to improve soil
properties in the reclamation of degraded areas.
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Abstract

Chalcocite is the secondary sulfide mineral of copper with the highest copper concentration and is usually formed due
to biooxidation reduction and migration of primary sulfide such as chalcopyrite. The understanding of copper recovery
from chalcocite-dominant minerals and concentrates is critical for future applications. In this study, we evaluate the
possibility of using biohydrometallurgical techniques to extract copper from chalcocite-rich copper flotation concentrate
produced in Armenia. The concentrate was bioleached by mixed iron- and sulfur-oxidizing bacteria as well as
indigenous strains Arm-12 and Kj, which were isolated from acid mine drainage (AMD) of polymetallic and copper
mines (Armenia), respectively. In chalcocite bioleaching, the lack of iron metabolism is a key restricted factor.
Therefore, the influence of exogenous ferrous and ferric iron on copper bioleaching from tested concentrate was
studied. The effect of different functional parameters was also studied to optimize the process and enhance copper
bioleaching efficiency.

Keywords: flotation concentrate, chalcocite, bioleaching of copper, sulfur-oxidizing bacteria

1 Introduction

Bioleaching is a cost-effective and environmentally friendly way to extract metals from low-grade and
refractory ores. Moreover, bioleaching has gained increased attention in the last 10 years as a means of
recovering copper from refractory ores and concentrates. The efficiency of copper extraction was shown to
be depend of different parameters, including biological. Bioleaching of copper flotation concentrates with
pure and mixed cultures of acidophilic mesophilic bacteria has been studied (Haghighi et al., 2013;
Norris et al., 2010; Wang et al., 2022). Copper solubilization was highest in pure or mixed cultures including
A. ferrooxidans. However, the use of indigenous bacterial strains and communities, adapted to the conditions
of the ore, is considered to be more efficient than the application of exogenous strains (Cameron et al., 2010;
Jia et al., 2016; Peng et al., 2019).

Among different parameters, mineral properties are of great importance affecting copper solubilization
rates (Fu et al., 2016). Many studies have shown the feasibility of the microbial leaching of metal sulfide
including secondary copper sulfides (Lee et al., 2011; Wang et al., 2020; Niu et al., 2015; Watling 2006;
Zou et al., 2015; Amar et al., 2023). Investigations showed that bioleaching of copper sulfide minerals with
adapted mesophilic bacterial cultures was technically feasible, and the preferential order of mineral
bioleaching was chalcocite, bornite, cubanite, covellite, enargite, carrolite, chalcopyrite (Dew at al., 1999). It
is well known that for copper sulphides, chalcocite and bornite are easily leached while covellite and
chalcopyrite are more difficult to solubilize.

Investigations have revealed that properties of minerals, such as rest potential, lattice energy, and
conductivity type are the key factors influencing the bioleaching of minerals. Among these parameters, rest
potential and lattice energy can explain the difference in bioleaching of different copper sulfide minerals
(Fu et al., 2016). Wu et al., 2019 investigated comparative bioleaching of secondary copper ores and pure
minerals, and the mechanism of selective dissolution of chalcocite in bioleaching was explained. For pure
minerals, the leaching efficiency of copper from chalcocite was higher than pyrite at the same leaching time.
The authors concluded that controlling the solution potential at a lower level was beneficial to the selective
leaching of chalcocite.

Chalcocite (Cu,S) is the main secondary copper sulfide with the highest copper content and is usually
formed by oxidation of primary sulfides such as chalcopyrite (CuFeS,) (Wu et al., 2019) (Equation 1):

CuFeS, +3 OH = Cu,S + 3 Fe(OH); + 3 e- (1)
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Chalcocite is soluble under acid and oxygenated conditions (Equation 2):
Cu,S+0.50,+2H =CuS + Cu* + H,0 ()

According to Equation 2, one mole of soluble copper is produced during the chemical oxidation of
chalcocite. This reaction could explain the ~50 % solubilization detected in non-inoculated systems.
Chalcocite can also be chemically leached by ferric iron according to Equation 3 (Schippers and Sand, 1999;
Sand et al., 2001):

Cu,S +2 Fe’ =0.125 Sg + 2 Cu*" + 2 Fe** 3)

In chalcocite bioleaching, the lack of iron metabolism is a key restricting factor. Investigations have
showed that the presence of ferrous ions (Fe (II)) or pyrite resulted in excellent copper extraction yields
(Feng et al., 2021; Johnson et al., 2022). The bioleaching of chalcocite in industrial systems was improved
by enhancing the iron-sulfur metabolism simultaneously using pyrite and sulfur oxidizers. In some studies, it
is reported that iron and sulfur supplementation can greatly enhance bioleaching efficiency (Feng et al.,
2019; Huang et al., 2019; Feng et al., 2021). Therefore, in this study, the promotion of iron and sulfur
metabolism in the bioleaching of chalcocite in the presence of Fe (II) and sulfur oxidizers was explored.

However, despite a vast disparity in the composition of rocks, biohydrometallurgy proved to be an
economically viable method compared to pyrometallurgical processing, allowing for robust extraction from
low-grade and relatively complex copper ores and concentrates (Fu et al., 2014). Although copper recovery
through bioleaching has increased worldwide (Roberto and Schippers, 2022), Armenia has no commercial
experience in bioleaching operations.

This study aimed to investigate the effect of PD, pH, and particle size on the bioleaching of flotation
copper concentrate using adapted indigenous bacterial strains.

The influence of exogenous Fe*" and Fe’* for the recovery of copper was studied as well. Indirect
bioleaching of flotation copper concentrate using Fe’" both biotic and abiotic origin was also studied. The
surface area of the leaching solid phase can serve as an indicator of the bioleaching process. Therefore, in
parallel mineralogical analyses of feed material and bioleaching residues were performed. These results may
help us understand the bioleaching behaviour of secondary copper sulfide and improve the process operation.

2 Material and methods
2.1 Ore sample

A copper flotation concentrate from Syunik Province, Armenia was subjected to research. Using sieve
set Analysette 3 Spartan Vibration-Siebmaschine (FRITSCH GmbH) three fractions of copper concentrate
which differed in particle size: <45 pum; 45-80 um; 80-120 um) were prepared and exposed to bioleaching
tests. Copper in flotation concentrate was mainly represented by secondary sulfides (Table 1). 55-60 % of
sulfide minerals consist of pyrite, 25-30 % secondary copper-rich sulfide minerals (bornite, chalcocite,
covellite), 7-8 % chalcopyrite, as well as sphalerite, native copper, molybdenite, and possibly copper oxides
associated with iron hydroxides. Other minerals were also present up to 7-8 %. Copper oxides do not exceed
1.5 wt.%. Sulfur was mostly presented in sulfide form.

Table 1. Mineralogical analysis of the concentrate

Content, %

Cusecondar Cu rimar
Cutotal Cuoxide Y s Y Stotal Soxide Ssulf. Fetotal Feoxide Fesulf.

sulf. sulf.

Flotation concentrate | 23.90 1.40 20.22 2.28 39.59 | 0.13 | 39.46 | 29.20 | 0.43 | 28.77

2.2 Leaching experiments

Bioleaching of copper flotation concentrate was performed using ArM1 native consortium as well as
their association with At. thiooxidans SO-1 (KP455985) (Vardanyan and Vardanyan 2014). Bioleaching
experiments were carried out in 250 mL Erlenmeyer flasks containing 100 mL of MAC (Mackintosh 1978)
medium without iron ion at 30 °C, 180 rpm. The influence of PD (5; 10; and 15 %), pH (1.2; 1.5, and 1.8) as
well as exogenous ferrous ion (Fe (II)) concentration (0.5 g/L; 1.0 g/L) were investigated. Bioleaching of
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copper concentrate by an adapted consortium was also carried out. The amount of inoculum for used cultures
was 10 %. All experiments were carried out in triplicate. For each bioleaching experiment chemical controls
with the same conditions and without inoculum were included.

2.3 Physicochemical analyses

pH and redox potential were determined with a pH/mV Meter SevenExcellence (Mettler Toledo,
Latvia) Copper and total iron were determined by a Microwave plasma atomic emission spectrometer (MP-
AES, Agilent 4210). Concentrations of ferric (Fe(Ill)) and ferrous (Fe(Il)) ions were determined by the
complexometric method with EDTA (Lucchesi and Hirn, 1960).

3 Results and discussion
3.1 Effect of PD

To determine the optimal PD, experiments on bacterial leaching of copper flotation concentrate were
carried out at 5, 10, and 15 % (Table 2). According to Table 4, the highest level of copper recovery (84 %)
was observed at 5 % PD after 21 days of leaching. At a PD of 10 and 15 %, the extent of copper extraction
decreased by approximately 1.5-2 times.

Table 2. Influence of ferrous iron (Fe (II)) ions and sulfur-oxidizing bacteria At thiooxidans SO-1 on bioleaching
of copper by ArM1 ad consortium, (PD - 10 %; T=30 °C; 180 rpm)

0 3 6
Sample
mg/L % mg/L % mg/L %
ArM1 ad 4749 24.5 10468 | 54.1 14872 | 76.6
ArM1 ad + 0.5 g/L Fe (I) 4534 23.4 9399 48.4 15423 | 79.5
ArM1 ad +1.0 g/L Fe (I) 4534 23.4 11536 | 59.5 17625 | 90.8
ArM1 ad + At.thiooxidans SO-1 3890 20.1 8865 45.7 15280 | 78.7
ArM1 ad + At.thiooxidans SO-1+0.5 g/L Fe(Il) 4581 23.0 9933 51.2 19170 | 98.8
Arm-12 ad + At.thiooxidans SO-1 +1.0 g/L Fe(Il) 4581 23.0 10468 | 53.9 19715 101
At. thiooxidans SO-1 4749 24.5 11536 | 59.5 9918 51.1

3.2 Effect of ferrous ions

In some studies, it is reported that iron and sulfur supplementation can greatly enhance copper
bioleaching efficiency (Fu et al., 2016; Feng et al., 2019; 2021). Therefore, in this study, the promotion of
iron and sulfur metabolism in the bioleaching of chalcocite in the presence of Fe (II) and sulfur oxidizers was
explored. The influence of ferrous iron Fe (II) on the extraction of copper during bioleaching of copper
concentrate with the ArM1 was studied. For this purpose, simultaneously with inoculation by ArM1, ferrous
iron (Fe (II)) was added to the leaching medium at concentrations of 0.5 and 1.0 g/L (in the form of
FeS0,.7H,0). According to Table 3, copper extraction by ArM1 was 76.6 % without the addition of iron
ions for 6 days. Meanwhile, with the addition of Fe (II) ions in amounts of 0.5 and 1.0 g/L, the extraction of
copper in the same period increased to 79.5 % and 90.8 %, respectively (Table 3). These results were in
agreement with the research conducted by Haghighi et al., 2013, who reported that the addition of ferrous
iron significantly increased the rate and extent of copper dissolution.

Table 3. Influence of ferrous iron (Fe (II)) ions and sulfur-oxidizing bacteria At thiooxidans SO-1 on bioleaching
of copper by ArM1 ad consortium, (PD - 10%; T=30 °C; 180 rpm)

0 3 Days 6 Days
Sample
mg/L % mg/L % mg/L %

ArM1 ad 4749 24.5 10468 54.1 14872 76.6

ArM1 ad + 0.5 g/L Fe(Il) 4534 23.4 9399 48.4 15423 79.5

ArM1 ad +1.0 g/L Fe(I) 4534 23.4 11536 | 59.5 17625 90.8

ArM1 ad + At.thiooxidans SO-1 3890 20.1 8865 45.7 15280 78.7

ArM1 ad + At.thiooxidans SO-1+0.5 g/L Fe(I) 4581 23.0 9933 51.2 19170 98.8
Arm-12 ad + At.thiooxidans SO-1 +1.0 g/L Fe(Il) 4581 23.0 10468 53,9 19715 101.0
At. thiooxidans SO-1 4749 24.5 11536 | 59.5 9918 51.1
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As mentioned above, chalcocite is soluble in acid conditions in the presence of oxygen (Equation 2).
However, chalcocite can also be oxidized by ferric iron (Equation 3) (Schippers and Sand, 1999; Sand et al.,
2001). Moreover, ferric iron can “attack” covellite releasing another mole of copper, as presented in
Equation 4 (Amar et al., 2023):

CuS + 2 Fe’* =0.125 Sg+ Cu*" + 2 Fe*" 4)

In the inoculated bioleaching systems in general and case of bioleaching of used flotation concentrate
iron-oxidizing bacteria can oxidize the soluble ferrous iron supplying ferric iron to the solution and feeding
Equations 3 and 4.

Besides the flotation concentrate used in this study is rich in pyrite. Consequently, during bioleaching
of copper concentrate iron-oxidizing bacteria may contribute to not only chalcocite but also pyrite oxidation
thus supplying ferric iron (Fe (III) to the leaching system (Equation 5):

FeS,+2Fe’ =3 Fe*" +28° (5)

The solubilized iron from the concentrate can stimulate both chalcocite and covellite dissolution. Fu
et al., 2016 showed that the optimum concentration of ferrous ions was 1.5 g/L for bioleaching of djurleite
and chalcopyrite (an inoculum of 0.5x10°® cells and the initial of L21). The initial ferrous ion concentrations
optimal for bornite and covellite bioleaching were 4.5 g/ L (Fu et al., 2016).

Although the copper concentrate used in this study contains iron-bearing mineral pyrite that can
provide the available iron sources for the growth of bacteria, the addition of ferrous iron to the culture
medium significantly promotes copper extraction from the concentrate.

Wu et al., 2019 reported preferential bioleaching rates of copper minerals in copper ore with a high
content of pyrite. It was shown that in the case of pure minerals, the leaching efficiency of chalcocite was
higher than pyrite while bacteria increased the bioleaching efficiency of pyrite and chalcocite simultaneously
by oxidizing Fe** to Fe*" in the solution.

3.3 Influence of sulfur-oxidizing bacteria

A. thiooxidans is essential in bioleaching of metals from sulfide ores as reported by Feng et al., 2019.
The effect of ferrous iron Fe (II) in combination with the sulfur-oxidizing bacterium Acidithiobacillus
thiooxidans SO-1 on the decomposition of copper concentrate by ArM1 was studied. To do this, in addition
to ArM1 consortium, Fe (II) ions in concentrations of 0.5 and 1.0 g/L, the sulfur-oxidizing bacterium
At. thiooxidans SO-1 was added to the leaching medium. In this case, the concentrate was leached at 10 %
PD, and ArMI1 adapted (ad) consortium was used, which was previously adapted to 7 and 10 % PD
(Table 3).

The data in Table 3 show that the use of the sulfur-oxidizing bacterium A¢. thiooxidans SO-1, leads to
an increase in copper extraction compared to the ArM1 consortium. Besides, At. thiooxidans SO-1 and
Fe (I) in a concentration of 0.5 g/L had the same effect on the bioleaching of copper concentrate. It should
be noted that when At. thiooxidans SO-1 and Fe (II) were added to the leaching medium simultaneously with
the inoculum (ArM1), copper extraction increased significantly reaching 99-101 %.

Table 4. Influence of ferrous iron Fe (II) ions and At. thiooxidans SO-1 on leaching of copper,
zinc, and ArM1 ad., (PD — 10 %; pH 1.8, T=30 °C; 180 rpm)

%
Sample Cu Fe Zn
Control 493 0.2 21.2
Control 1.0 g/L Fe(II) 54.5 5.99 24.8
ArM1 ad 79.5 5.6 58.9
ArM1 ad + 0.5 g/LFe(I) 90.6 13.2 86.2
ArM1 ad + 1.0 g/L Fe(Il) 95.2 17.2 90.7
ArM1 ad + At.thiooxidans SO-1 77.8 10.0 72.4
ArM1 ad + At.thiooxidans SO-1+ 0.5 g/L Fe(Il) 83.4 13.0 81.7
ArM1 ad + At.thiooxidans SO-1+1.0 g/L Fe(I) 83.16 15.2 81.0
At.thiooxidans SO-1 433 1.0 17.9
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The use of At. thiooxidans SO-1 and Fe (II) also help to increase the extraction of zinc and iron by the
adapted culture ArM1 consortium (Table 4). It should be noted that under the best conditions determined for
copper extraction, maximum recovery was also observed for zinc and iron.

4 Conclusions

This work was aimed at evalutaiton of a copper bio-recovery process from flotation concentrate via
indigenous cultures. Compared to the abiotic control (chemical acid leaching), the extraction of copper from
the concentrate increased approximately 2 times in the presence of ArM1 native consortium. The greatest
amount of copper extraction by ArM1 consortium was observed at pH 1.8 and a PD of 5 %, particle sizes
less than 45 microns, and between 45 to 80 microns. The use of an adapted consortium obtained by growing
ArM1 with gradually increasing amounts of concentrate (PD 7 and 10 %), will significantly enhance the
process rate and increase copper extraction about 1.3 times in comparison to the non-adapted consortium.
The use of At. thiooxidans SO-1 and Fe (II) help to increase the extraction of copper as well as zinc and iron
by the adapted consortium ArM1. It should be noted that under the best conditions determined for copper
extraction, maximum recovery was also observed for zinc and iron.
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Abstract

For biomining specialized microorganisms are used in order to recover valuable metals from ores via bioleaching.
Important leaching bacteria are aerobic, acidophilic iron (II)- and/or sulfur compound-oxidizing species such as for
example Acidithiobacillus ferrooxidans, mix cultures and indigenous consortium. Armanis is a Gold-Polymetallic Mine.
Optimizing process parameters to guarantee the highest effective recovery of copper from the tested concentrate was the
primary goal. Pure cultures of iron- and sulfur-oxidizing bacteria, as well as their association were used in the
bioleaching of copper concentrate. Comparative studies on bioleaching of copper by the association of acidophilic iron
and sulfur- oxidizing bacteria as well as native consortium Arm, isolated from acid mine drainage were carried out. At
the beginning of the bioleaching process, the amounts of extracted copper by mixed culture and Arm consortium were
equal, afterward the Arm indigenous consortium exhibited higher activity in terms of copper extraction. The application
of molecular biological method (metagenomic) allowed more completely revealing the composition of bacterial
communities in AMD of Armanis Gold-Polymetallic mine. By using metagenomics techniques, it was shown that water
outflow samples contained the following genera: Acidithiobacillus, Leptospirillum, as well as Acidiphilium and other
heterotrophic reducing bacteria.

Keywords: acid mine drainage, copper concentrate, biomining, bioleaching bacteria, indigenous consortium,
metagenomics analysis

1 Introduction

Microorganism-based metal recovery from low-grade ores and mineral concentrates is an important
and rapidly developing field of biotechnology. Using iron- and sulfur- oxidizing microorganisms to catalyze
the dissolution of valuable metals from sulfide ores or concentrates is known as bioleaching (Méndez-
Garcia et al., 2015; Johnson and Quatrini, 2020). Acid mine drainage (AMD) is a very acidic effluent
containing high levels of sulfates, metals, and sulfides. AMD management requires particular attention in
order to avoid environmental adversity. AMDs are extremely acidic runoff formations that originate from the
microbial oxidation of pyrite and other sulfide minerals, which results in the production of sulfuric acid and
metal-rich solutions. AMD systems are common in our planet, although only a limited number of them have
been microbiologically characterized (Méndez-Garcia et al., 2015; Johnson and Quatrini, 2020). Major
bacterial lineages detected in AMD systems include the phyla Proteobacteria (Acidithiobacillus,
Acidiphilium, Acidocella, Acidicaldus, Acidomonas, Acidisphaera, “Ferrovum”, Acidibacter, and
Metallibacterium spp.), Nitrospirae (Leptospirillum spp. such as Leptospirillum ferrooxidans, Leptospirillum
ferriphilum, and Leptospirillum ferrodiazotrophum), Actinobacteria, Firmicutes (Sulfobacillus spp., and
Alicyclobacillus spp.) and Acidobacteria, Archaea include the phyla Euryarchaeota (Ferroplasma spp. such
as Ferroplasma acidiphilum and “Ferroplasma acidarmanus” Acidiplasma cupricumulans, and
Cuniculiplasma divulgatum (Golyshina et al., 2000, 2009, 2016; Dopson et al., 2004; Baker et al., 2006,
2010; Golyshina, 2011; Chen et al., 2016, 2018; Gavrilov et al., 2019; Korzhenkov et al., 2019). These
microorganisms are expected to be reservoirs of enzymes selected to resist acidic harsh conditions (at least
regarding extracellular products) (Sharma et al., 2012), some of which might be of biotechnological
relevance (Gomes et al., 2003; Adrio and Demain, 2014). Under the extremophilic AMD environment,
acidophilic microbial communities belonging to Bacteria, Archaca, and Eukarya domains dominate, with
members of phylum Proteobacteria, Nitrospira, Actinobacteria, Firmicutes, and Acidobacteria being the
dominant bacterial taxa (Mesa et al., 2017; Lukhele et al., 2019; Distaso et al., 2020), as well as iron/sulfur-
oxidizing microbes such Leptospirillum Ferrovum, Acidothiobacillus occurring in an environmentally
dependent biogeographic pattern (Kuang et al., 2013, 2016; Wang et al., 2019b).

150



Proceedings

2 Material and methods
2.1 Bioleaching assays

The samples were taken into sterile 50 ml Falcon tube. In-situ parameters such as pH, redox potential,
electrical conductivity and total dissolved solids were measured directly using multiparameter YSI 556 MPS
(Aqua TROLL 500 Multiparameter Sonde). The samples were stored at 4 £ 0.1 °C in refrigerator. For the
bioleaching of Armanis concentrate was preliminary milled to a size of <45 mkm. The Machintosh medium
without ferrous iron (Fe (1)) (pH 1.0) was used as a solvent medium. The pH and ORP in the media were
measured using a Thermo Scientific Orion 3Star portable meter (Orion 3Star Portable, Thermo Scientific,
Beverly, MA, USA). The leaching intensity of concentrate samples was estimated by the amount of Fe (III),
Fe (II), as well as Cu (II) ions released to the medium. The content of Fe** and Fe’* was determined by the
complexometric method with EDTA. Cu ion concentration was tested by lab2-Atomic Absorption
Spectrophotometer (AAS) (ID 1.6). Experiments were performed in triplicate. The data were analyzed
statistically by Excel using student t-test and the presented data in the text are the average values from
repeated experiments with + 2 % variation (in standard deviation).

2.2 Chemical composition of samples

The samples were analyzed for chemicals elements (Fe, Cu, Pb, Zn, As, Sn, Ni and Al) using the AAS
(Atomic Absorption Spectrophotometer, SP-IAA1800H). Standard solutions were used to make
(to construct) the appropriate calibration curves. Then the absorbance of the sample solutions was measured
to determine the concentration of metal ions (Fe, Cu, Pb, Zn, As, Sn, Ni and Al). Each sample was analyzed
in triplicate and mean value of absorbance was used to calculate the heavy metals concentrations (Table 1).

Table 1. Main element contents in the concentrates

Chemical analysis (%)

Sample Cu Fe Si Al Mg Ca Mn Ni Co Mo Zn

12 28.5 0.5 0.4 0.002 1.0 0.07 0.001 0.02 0.1 43

This produces a mine water discharge characterized by elevated acidity, high concentration of sulfates
and metals such as Fe, Cu, Pb, Zn, As, Sn, Ni and Al elements. However, at lower pH the competition
between metal and hydrogen ions increases. In general, the concentration of Fe and Cu, in sample was
higher.

2.3 DNA extraction for metagenomic sequencing

DNA extraction for metagenomic studies was performed according to the Fast DNA TMSpin Kit for
Soil protocol. DNA purity and concentration were checked using a Thermo Scientific™, NanoDrop™ One
Microvolume ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, United
States, respectively. Sequencing libraries were constructed using NEBNext UltraTM DNA library prep kit
for Illumina (NEB, United States) following the manufacturer’s instructions. The size distribution and
concentration of purified products in libraries were determined. After the index coded samples were
clustered according to the manufacturer’s recommendations. The libraries were sequenced on the Illumina
HiSeq 2500 platform.

3 Results and discussion
3.1 Bioleaching of copper concentrate from Armanis Gold-Polymetallic Mine

The aim of this work is to study bioleaching of Armanis Gold-Polymetallic Mine by pure and mixed
culture and indigenous consortia in the process of bioleaching. A comparative study was carried out. The
experiments were carried out at 2.0 % density of the pulp. Comparative study was performed by pure mixed
cultures of sulfur oxidizing Acidithiobacillus caldus, iron oxidizing Leptospirillum feriphillum CC and Arm
indigenous consortium were studied.
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Fig. 1. Extraction of copper from Armanis Copper concentrate (Armenia) by L.ferriphilum CC, At.caldus,
and their mixed cultureand Armanis culture community (pH 1.8, PD - 2.0 %, t - 37 °C, 170 rpm)

It was revealed that the use of Arm indigenous consortium in copper concentrate allowed increasing
the extent of copper. Extraction of copper from Armanis concentrate by mixed cultures enhances by 1.32 and
1.26 times in the presence of L.ferriphilum CC and A.caldus respectively (Fig. 1). Comparative studies have
been shown of the activities of bacterial consortia Arm indigenous consortium with addition of Fe*" as a
susrces energy and without Fe*". The results show the addition of Fe*" have a significant effect on consortia
bacterial growth and bioleaching. However when used mix culture and indigenous consortium increases the
copper extraction.

3.2 Metagenomic analysis

Microbial genomes were constructed from the metagenomic sequencing data obtained from the 3
samples described above. Metagenomics analysis revealed the identification of Kingdom. The microbial
composition of the Arm indigenous consortium showed that the native samples were dominated by genera
of Bacteria, Eukariota and Archaea. The proportion of Bacteria (approximately 98-100 %) in the Arm was
much higher than Eukariota (10 %) (Figure 2). The most abundant Proteobacteria and Bacteroidetes were
assigned to 11 and 1 genera, respectively, which includes classified, as well as non-classified bacterial
groups. The most abundant genera are presented in Figure 3. At the class level, the prevalent reads are
distributed across Flavobacteria, Betaproteobacteria, Gammaproteobacteria, and Sphingobacteria, which
belong to phyla Proteobacteria and Bacteroidetes (Fig. 2).

0.
0.
0.
08

Fig. 2. Relative abundances of phylogenetic groups in the Armanis Copper concentrate
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As has been shown Figure 3 Krona graphs have been used to show the entire taxonomy, from kingdom
up to species level. The microbiome of Baner showed phylum-wise dominance of Acidiphillium (47 %),
followed by Leptospirillum (10 %), Actinobacteria (0.8 %), Verrucomicrobia (1 %), Rhizobiales (1 %),
Archaea (2 %), and Firmicutes (1 %), which is the same pattern, phylum level analysis revealed a dominance
of Proteobacteria (94 %), Actinobacteria (2 %), Verrucomicrobia (1 %), and Bacteroidetes (1 %).

Fig. 3. Krona map representing the taxonomic composition of the entire bacterial community
revealed by metagenome sequencing
The color of each slice is based on sequence abundance, not on phylogenetic relatedness. This information is based on
the Silva database used by Mothur to generate the Krona chart. Slices with no taxonomic affiliation also include several
taxonomic groups with a low number of sequences.

4 Conclusions

It was revealed that the use of Arm indigenous consortium in copper concentrate allowed increasing
the extent of copper. Extraction of copper from Armanis concentrate by mixed cultures enhances by 1.32 and
1.26 times in the presence of L. ferriphillum CC and A.caldus respectively (Fig. 1). Comparative study was
performed by pure mixed cultures of sulfur oxidizing Acidithiobacillus caldus, iron oxidizing Leptospirillum
feriphillum CC and Arm indigenous consortium were studied. Howerver, studies have shown that the
indigenous consortium of Arm is more active than the mixed cultures above demonstrated that the
indigenous strains had a stronger colonization ability and were more suitable for leaching high-oxidative
oxide-sulfide copper minerals. The microbial composition of the Arm indigenous consortium showed that
the native samples were dominated by genera of Bacteria, Eukariota and Archaeca.The microbiome of
Baner showed phylum-wise dominance of Acidiphillium (47 %), followed by Leptospirillum (10 %),
Actinobacteria (0.8 %), Verrucomicrobia (1 %), Rhizobiales (1 %), Archaea (2 %), and Firmicutes (1 %),
which is the same pattern, phylum level analysis revealed a dominance of Proteobacteria (94 %),
Actinobacteria (2 %), Verrucomicrobia (1 %), and Bacteroidetes (1 %).
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Abstract

Malnutrition due to lack of zinc intake is a worldwide problem. It is most pronounced especially in developing
countries, but it is also relevant for developed countries. Thus, not only is there a need to increase global food
production but also the production of food with greater nutritional quality. The inclusion of nutritional traits (Zn and Fe,
and their bioavailability) is, therefore, an important consideration for breeding programs. Plants also need zinc in the
right amount, because it is involved in various physiological functions and enzyme activities, including the production
of proteins and auxins, glucose metabolism, building the immune system and the proper function of cell membranes.
A possible solution with demonstrably positive results is the agronomic biofortification of wheat. We analyze a set of
13 varieties of durum wheat (Triticum durum) for Zn tolerance and Zn accumulation in grains. By conventional
laboratory procedures of molecular biology, phenotyping and analytical chemistry, we select varieties suitable for
biofortification programs. We will compare the mechanisms that could be responsible for the observed differences, such
as the accumulation of metabolites or the activity of genes for the production of phytochelatins. The goal of the research
is also to evaluate the effect of arbuscular mycorrhizal fungi (AMF) on the uptake and accumulation of Zn in the grains
of the tested varieties. We are currently analyzing the data from the phenotyping of the experimental material, while
evaluating the effect of AMF, soil application of Zn and their combination on the growth, development and
photosynthetic parameters of plants. Preliminary results confirm intraspecific variability in Zn tolerance and the effect
of mycorrhizal fungi.

Keywords: durum wheat, zinc, biofortification, phenotyping

1 Introduction

Durum wheat is one of the main sources of calories and protein in many developing countries. Due to
the limited supply of zinc to the above-ground parts of the plant due to antinutrients and insufficient
biofortification, the population faces a lack of micronutrients such as zinc and subsequent health problems.
Biofortification of crops, i.e. enhancing micronutrient concentration in the edible part of the crops by plant
breeding, has been proposed as one of the most cost effective and environmentally safe approaches to
alleviate malnutrition [1]. Agronomic biofortification of Zn is considered the method of choice to increase
Zn content in wheat grain because it can improve Zn content as well as crop yield in the short term.
Agronomic biofortification includes the application of fertilizers to the soil and to the leaves [2]. The Zn
content in wheat grains is influenced by the application technique and time concerning crop developmental
stages. Unlike agronomic biofortification, advances in genomics, especially the availability of high-
throughput genotyping assays such as whole genome resequencing, GBS, SNP arrays, etc., have facilitated
trait mapping in plant species such as wheat with large and complex genomes [3]. Plant phenotyping is the
assessment of complex plant properties such as growth, development, tolerance, resistance, architecture,
physiology, ecology, yield and basic measurement of individual quantitative parameters that form the basis
for the assessment of complex properties that are necessary for a better understanding of intake, allocations
and translocations of zinc in durum wheat [4]. Plant phenotyping has proven to be a very promising method
for assessing the condition of plants due to biotic and abiotic stress [5].

2 Material and methods

In our experiment we selected 13 durum wheat genotypes: 1296, 1352, 1INI1, IS Durablank,
IWA8611094, Kirmizi Yazlik, Nursith, PI 264932, PI 264933, PI 264934, PI 264936, PI 264989 and
P1278269. We performed 4 treatment methods in four repetitions where we had a total of 208 flower pots.
Our variants treatments were:

A (Control, C) - Klasmann substrate,
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B (Mycorrhiza, M) - Klasmann substrate and mycorrhiza fungi,

C (Zinc application, Zn) - Klasmann substrate and addition of fertilizer with zinc,

D (M and Zn) - Klasmann substrate and addition of mycorrhizal fungi and fertilizer with zinc.

Plants were phenotyped over 7 weeks (Fig. 1). We measure plant growth dynamics (RGB imaging),
leaf temperature (IR imaging) and photosystem 11. Parameters (FC chlorophyll fluorescence) (Fig. 2 A-D) on
the phenotyping line (Fig. 1). Our grain samples were weighed to 200 mg and concentrated nitric acid HNOs
was added to them in the amount of 8 ml. Subsequently, the samples were mineralized (Anton Paar
Microwave digestion system) and diluted in test tubes with ultra-pure water to a volume of 25 ml.

Fig. 1. The figure shows a phenotyping line showing pots of wheat plant

3 Results and discussion

Similar researches were conducted in the biofortification and enrichment of wheat grain with
Zn [6, 7]. Paramaters evaluated during phenotyping indicate plant fitness under given growth conditions.
Leaf temperature changes are shown when Zn, mycorhizal fungi or their combination was applied into soil
(Fig. 2 2D). These data are currently being evaluated. Zinc content is being analyzed in soil as well as wheat
grains.We also plan to compare the mechanisms that could be responsible for the observed differences, such
as the accumulation of metabolites or the activity of genes for production of phytochelatins. In frames of this,
we measure plant growth dynamics (RGB imaging) (Fig. 2 2B), leaf temperature (IR imaging) (Fig. 2 2C)
and photosystem 11. Parameters (FC chlorophyll fluorescence) (Fig 2 2A).

2B

2C
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Fig. 2. (A-D) Representative pictures of the recorded images of the analyzed plants (panels A-C) and a
preview of the results of changes in leaf temperature under the given experimental conditions (D)

4 Conclusions

As part of the phenotyping, you detected changes in the spectra, which clearly indicate the effect of
individual factors of zinc addition, but also of mycorrhizae on leaf temperature or photosynthetic parameters.
It is not yet clear how these changes are consistent with the Zn content in the grains. The results could be
useful for breeders to create varieties with significant phytic acid and micronutrient content, which may lead
to the development of varieties rich in the required micronutrients to overcome hidden hunger in the
population. At the same time, from the results of our project, we will ecologically evaluate the possibilities
of modulation of Zn intake and accumulation in grains, which will help biofortification programs.
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Abstract

This study describes the bioleaching of tetrahedrite concentrate by acidophilic chemolithotrophic iron- and sulfur-
oxidizing bacteria under aerobic conditions, using stirred slurry technique. On-line gas analyses showed, that the
efficiency of bacterial CO, fixation, i.e., the ratio of CO, fixed to oxygen consumed, changed during the course of
tetrahedrite bioleaching. In the initial stage, the exponentially grown culture oxidized abundant dissolved ferrous iron
that served as an electron donor. The rates of CO, and O, consumption increased exponentially, and growth yield
coefficient (Yox) approached 0.06 (C-mole/O-mole), which is typical value for cultures grown on ferrous sulfate. Iron
acts as an important intermediary electron carrier in the tetrahedrite oxidation reactions. Bacterial Fe*" oxidation rate
highly outcompeted the concurrent Fe*" reduction rate at the tetrahedrite surface, which caused the exhaustion of Fe*"
and limitation of bacterial growth and oxidation rates by the availability of the energetic substrate. In the next stage of
bioleaching, the ratio of CO, fixed to oxygen consumed has increased, approaching almost twice the yield value that
would be predicted from exclusive growth on ferrous iron, most likely due to co-utilization of sulfur intermediates or
any other type of electron donor. Our observations are consistent with previously published findings that the efficiency
of CO, fixation is much greater when sulfur rather than ferrous ion is being oxidized, showing that the transport of
electrons derived from RISC yielded more energy than the transport of electrons from Fe*".

Keywords: Acidithiobacillus, Leptospirillum, tetrahedrite, bioleaching, iron, growth yield

1 Introduction

Tetrahedrite is a copper antimony sulfosalt that can be described by the simplified chemical formula
Cu;,SbyS;3. There is a complete solid solution between the antimony end-member tetrahedrite, and the
arsenic end-member tennantite (Cu;,AssS;3). In nature, the minerals of the tetrahedrite group constitute a
complex isotypic series with multiple iso- and heterovalent substitutions [1-5]. The general structural
formula of tetrahedrite-tennantite series is: (Cu,Ag)s[Cusa(Fe,Zn,Hg,Cd),](Sb,As,Bi1)4S;3 based on
Yapfu =29 [1].

Tetrahedrite and tennantite are significant copper and precious-metals resources. However, their
separation from primary copper sulphides (chalcocite Cu,S, covellite CuS, chalcopyrite CuFeS,) is difficult.
Both tetrahedrite and tennantite are remarkable for the number of minor elements (Hg, Zn, Bi, Se) they can
incorporate, and these two minerals are frequently the major sources of such often unwelcome minor
elements in flotation Cu-concentrates. They are equally a major contributors of undesirable pollutants (As,
Hg, Sb) to the processing streams [6]. Consequently, only tetrahedrite deposits rich in gold and silver have
been exploited in the past.

Nowadays, the exploitation of tetrahedrite-tennantite deposits is being revisited, justified mostly by the
high precious-metals content of those deposits. Furthermore, given the continued strategic importance of raw
materials for the EU manufacturing industry, antimony (Sb) as well as arsenic (As), amongst another 34
mineral raw materials, were added to the list of Critical Raw Materials (CRM) for Europe published by the
European Commission (COM/2023/160 final).

Tetrahedrite is generally known as a refractory mineral characterized by its recalcitrance to acid
chemical leaching. Natural and synthetic tetrahedrite dissolve very slowly in acidic aqueous solutions that
contain ferric iron at the temperature range between 65 and 95 °C. The rates are almost immeasurably slow
below 60 °C [7-9]. Higher metal extraction rates can be achieved by mechanical pre-treatment of tetrahedrite
by high-energy milling [10-12]. In the current investigation the oxidation of tetrahedrite was mediated by
iron-oxidizing bacteria in acid sulfate media at ambient temperature (25 °C). Iron acts as an important
intermediary electron carrier in the tetrahedrite oxidation reactions. Ferric iron is chemical oxidant for
dissolution of sulphide minerals under acidic conditions. The role of acidophilic prokaryotes in this process
is to oxidize ferrous iron to ferric iron and help to maintain high redox potential, defined by the Fe’"/Fe**
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ratio. Acidophilic iron-oxidizing bacteria, particularly members of the genera Acidithiobacillus and
Leptospirillum, have shown high efficiency in oxidizing iron, thereby enhancing the dissolution of sulphide
minerals. These bacteria survive and benefits at low pH and generally exhibit a remarkable tolerance to
dissolved metal ions. The efficiency of these bacteria in vide temperature range has been studied,
demonstrating that their growth and iron oxidation kinetics can vary significantly with temperature changes
[13].

1.1 Energy coupling during inorganic substrate oxidation in relation to growth rate and yield

The synthesis of biomass requires a carbon source and an N-source. In addition, there is a need for an
electron donor (D). Autotrophically growth bacteria use CO, as C-source, consequently there is a need for an
electron donor to reduce CO, to biomass. Reducing equivalents stored in the form of soluble ferrous iron or
Fe**-bearing solid phases, including iron sulfide minerals and reduced inorganic sulfur compounds (RISC)
may serve as significant source of energy for lithotrophic microbial oxidation coupled to aerobic respiration.
When bacteria use CO, as a C-source for autotrophic growth, NH,™ as nitrogen source and Fe’" as the
electron donor, assuming that the biomass composition is represented by C;H; 300 5N, the anabolic reaction
for synthesis of biomass can be derived using elemental and charge balances [14-16],

CO,+42Fe” +02NH, +4 H — CH,5005Np> + 4.2 Fe’* + 1.5 H,0 (1)

where 4.2 moles of Fe*" are needed for the synthesis of one mole of biomass by reducing CO,. The
production of biomass from the inorganic building compounds requires input of Gibbs energy which is
delivered by catabolic redox reaction of ferrous iron oxidation with oxygen as electron acceptor:

Fe* + 1% 0,+H — Fe’" + %4 H,0 (at pH = 1.85) AG =-33.78 kl/mol  (2)

This energy is coupled to anabolism to drive the anabolic reactions. The total need for Fe*" (electron
donor) per C-mole of biomass is composed of the anabolic need (Reaction 1) and the catabolic need
(Reaction 2).

In 1949, Monod [17] proposed the concept of the yield of biomass on substrate. This yield was
originally considered to be a characteristic constant of a microorganism for a specific substrate. Later,
Pirt [ 18] showed that the biomass yield was only constant at high growth rates, and that the yield dropped at
low growth rates because of maintenance and/or endogenous processes. Following these initial studies,
maximum biomass yields have been determined experimentally for many microorganisms growing on a wide
variety of substrates.

2 Material and methods
2.1 Sample preparation

The tetrahedrite sample was obtained from the Strieborna vein in the RoZnava ore field, eastern
Slovakia. The raw ore was crushed and milled to a grain size < 100 um, followed by the froth flotation to
collect a high grade tetrahedrite concentrate. The flotation concentrate was further conditioned with diluted
sulphuric acid (pH 1) at 90 °C under N, atmosphere to remove residual siderite.

2.2 Bacterial strains and incubation conditions on ferrous iron

Three strains of chemolithotrophic, acidophilic, iron-oxidizing bacteria were used in the experiments:
Acidithiobacillus ferrivorans SS3 (DSM 17398), Acidithiobacillus ferrooxidans (DSM 14882) and
Leptospirillum ferriphilum (DSM 14647). The bacteria were incubated in mineral salt medium that
contained: 1.6 mM MgSO,.7H,0, 0.76 mM (NH4),SO,, 0.23 mM K,HPO, and 120 mM FeSO,.7H,0 in
30 mM H,SO,. The initial pH of the medium was ~ 1.6. The cultures grew in magnetically stirred and
properly aerated baffled reaction vessels with the working volume 0.5 L. The incubation was carried out in a
batch mode, yet the O, and CO, for the bacterial growth was continuously supplied by air passing through
the headspace of the reactor above the liquid.

2.3 Bioleaching of tetrahedrite
Tetrahedrite bioleaching was carried out at similar conditions, using above mentioned bacterial strains
and liquid medium. The tetrahedrite concentrate was introduced to bacterial cultures grown on ferrous iron,
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achieving a pulp density of 2 %. The bioleaching experiments were carried out under aerobic conditions at
25 °C, in magnetically stirred reactors at 250 rpm and in baffled shaking flasks at 200 rpm.

2.4 The bacterial cells and biomass quantification

Direct microscopic counting of the bacterial cells was carried out using a Neubauer chamber with a
special depth of 0.01 mm. In this work, instead of the number of bacterial cells, the biomass concentration
(X) is expressed in the moles of organic carbon per liter, consequently, yield of biomass on ferrous iron Ysx
is defined as the C-mole of biomass produced per mole of ferrous iron (i.e. electron donor) utilized.

2.5 Gas analysis

The on-line measurement of the oxygen and carbon dioxide consumption from the reactors headspace
was used to accurately measure the bacterial growth and bio-oxidation kinetics of ferrous iron and
tetrahedrite. Paramagnetic oxygen analyzer and infrared carbon dioxide analyzer (Sable Systems) were used
for O, and CO, analyses in inlet and outlet air respectively.

2.6 pH/ORP and chemical analyses

Combined glass pH electrodes (Radiometer Analytical) and combined Pt-Ag/AgCl redox electrodes
(InLab Mettler Toledo) were used for pH and oxidation-reduction potential (ORP) measurement
respectively. Ferric iron was determined by UV-spectrophotometric method at 300 nm [19, 20]. Ferrous iron
concentrations were determined by modified o-phenantroline spectrophotometric method, insensitive to Fe’*
interference [21]. The samples of tetrahedrite leachate were analysed using AAS Varian AA240Z, AA240FS
and ICP-MS 7700 Agilent. Sulphate concentration was determined by ion chromatography Dionex ICS
5000.

3 Results and discussion
3.1 Energy coupling during ferrous iron oxidation in relation to growth rate and yield

Iron oxidation, carbon dioxide and oxygen consumption reflect the anabolic and catabolic reactions of
bacterial cells population growing on Fe*'. In the experiments it need to be provided, that other relevant sub-
processes like O, and CO, mass transfer are sufficiently fast and do not determine the rate of bacterial
growth and oxidation. The rate of bacterial growth (the rate of biomass production) rx, is equal to the rate of
carbon dioxide utilization —7¢o,. Fig. 1 depicts the total rates roy; 7o, (in mmol L™ h) and the corresponding
net cumulative amounts of O, consumed and CO, fixed (in mmol L™) by bacterial culture growing on ferrous
iron.
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Fig. 1. Total rate of O, and CO, consumption and net cumulative amounts of O, and CO, utilization by bacterial
culture At ferrivorans during batch incubation on ferrous iron at 25 °C

In this article biomass concentration (X) is expressed in the moles of carbon (CO, fixed) per liter,
consequently, yield of biomass on ferrous iron Ysx is defined as the C-mole of biomass produced per mole of
ferrous iron (i.e. electron donor) utilized. Accordingly, 1/Ysx equals the total ferrous iron, both anabolic and
catabolic, needed to synthesize one C-mole of biomass.
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Similarly, the production rate of biomass is equal to the oxygen consumption rate multiplied by the
yield of biomass on oxygen (equation 4).

1 —To,
ry =—F, Y, —_—=— 4
X 0, "tox Yox ry (4)
The stoichiometric parameter 1/Y o is expressed as follows:
1 1-4.2Y,
S (5)
Yox 4Ysx

Because the biomass production rate, ry, is equal to the carbon dioxide consumption rate —rcp,,
substituting 1/Ysx and 1/Yx over equations 3 - 5, the relation between the oxidation rate of ferrous iron and
the oxygen and carbon dioxide consumption rates follows from the stoichiometry of equation 6 [22].

— P =410, =421, (6)

The net amount of oxidized iron can be calculated from the net amount of O, and CO, consumed.
Fig. 2 shows decrease of ferrous iron concentration calculated by the integration of Fe*" oxidation rate
(Eqn. 6) over the time of incubation and residual Fe*" concentration determined by chemical analyses of the
culture medium. This plot shows that the measured and calculated ferrous iron concentrations are in a good
correlation. Starting with a known initial biomass concentration Cx(), the biomass concentration Cx, at any
particular time of the experiment is known from the integration of CO, fixation rate profile. The oxygen
consumption rate, —ro, and carbon dioxide consumption rate, —rco, = rx = (dCx/dt), are known on-line,
accordingly the specific rates defined per unit of biomass can be calculated. Specific oxygen consumption
rate, go,, is defined as the oxygen consumption rate per unit of biomass go, = r0,/Cx. Specific growth rate, p,
is defined by: p = ry/Cx.
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Fig. 2. (A) The decrease of F ¢’ concentration measured and calculated from the gas analysis and the increase
of redox potential of the medium
Fig. 2. (B) The biomass specific oxygen consumption rate go, (in mol/C-mol biomass/time) and specific growth
rate p (h™') during batch incubation of At. ferrivorans on ferrous iron at 25 °C

Biomass yield on oxygen is denoted by the symbol Yox and has the dimension C-molX produced/mol
oxygen consumed. In the course of batch incubation, the Yoy, i.e., the rcoo/ro, molar ratio gradually increased
and approached the value of 0.06 (60 pumoles CO, fixed per milimole O, consumed). The efficiency of
carbon dioxide fixation is directly related to the cell yield. Strong correlation was observed between ferrous
iron oxidation and carbon dioxide fixation in the exponentially growing cultures with the yield coefficient
(Ysy) approaching 14 umol CO, fixed per mole Fe*" oxidized. This value corresponds well to A. ferrooxidans
yield values on ferrous iron reported in previous works [22-25].
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Fig. 3. (A) Bacterial cell counts and net biomass C-concentration calculated from the gas analysis
Fig. 3. (B) Fe?* profile and yield coefficient Yox (in mol/mol) during the incubation
of At. ferrooxidans on ferrous iron at 20 °C

Direct microscopic counting of the bacterial cells using Neubauer chamber with a special depth of
0.01 mm revealed exponential increase of the cell number with time (Fig. 3A). The specific growth rate
calculated from the cell concentration profile at Az. ferrooxidans was p = 0.050 + 0.004 h™" and p = 0.054 +
0.0025 h' at L. ferriphilum. The specific biomass growth rate calculated from the CO, fixation rate profile
using on-line gas analysis was p = 0.056 £ 0.00055 h™' and p = 0.051 £ 0.00086 h™' at At ferrooxidans and
L. ferriphilum respectively. The value of the yield coefficient, obtained from direct counting of the cells was
6.35 10" cells per g Fe*" oxidized, which is significantly higher, than the yields referred in previous works.

Unreasonably broad range of values are reported for the numbers of cells of At. ferrooxidans produced
per unit of ferrous iron oxidized when using direct microscopic counting. The reported yield values range
from approximately 1.7 £ 0.4 10" to 5 10" cells/g Fe*" oxidized: 1.7 + 0.4 10" cells/g Fe*" [26];
2.23 10" cells/g Fe*" [27]; 2.3 10" cells/g Fe** [28]; 1.79 10" - 3.58 10" cells/g Fe** (Bryan et al 2012);
3.8 10" cells/g Fe*" [29]; 3.9 10" cells/g Fe*" [30]; 4.7 10" cells/g Fe* in continuous culture[31];
510" colonies/g Fe*" obtained by a MPN dilution method [23].

Our direct microscopic counting using a Neubauer chamber showed even higher values (up to 6 10'°)
of cells produced per gram of Fe’* oxidized. However, it is important to note that these values are
approximate and can vary significantly based on the specific experimental conditions and can be affected by
several factors, including subjective judgment, sampling variability and sample heterogeneity, leading to a
broad range of reported values. Variability can arise from differences in counting techniques. Clumping or
aggregation of cells can occur, making it difficult to obtain a representative sample for counting. Uneven
distribution can lead to variations in the number of cells observed and contribute to the broad range of
reported values. Direct microscopic counting typically does not distinguish between viable and non-viable
cells or account for variations in cell morphology. It may include cells that are not actively metabolizing or
are damaged, leading to inconsistent results. Additionally, Acidithiobacilli can exhibit morphological
variations depending on growth conditions, and different morphotypes may be counted differently. Direct
microscopic counting often involves counting cells in a small sample volume, which may not represent the
entire culture or system. Variations within the culture or sampling bias can influence the reported cell counts,
contributing to the broad range of values.

It is essential to consider the specific experimental conditions and methodologies employed when
interpreting and comparing these values. To obtain more accurate and consistent measurements, carefully
controlled experiments using standardized methods to quantify cell numbers, staining techniques to
differentiate viable and non-viable cells and combining direct microscopic counting with other quantitative
techniques like flow cytometry must be performed.

Therefore, in the current article, instead of the number of cells, we used the amount of fixed carbon to
express biomass concentration and yield coefficients, which are in good agreement with many published
scientific works.

3.2 Energy coupling during bioleaching of tetrahedrite in relation to growth rate and yield
The crystal chemistry of natural tetrahedrite samples examined by microprobe analyses revealed that
the sum of monovalent metals (Cu’ + Ag") is usually 10 apfic with six of them hosted at the M(1) site and
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four at M(2). The total numbers of anions is usually 13 (S* + Se*) apfu, yielding 26 negative charges. As
the sum of 10 monovalent cations (Cu” + Ag") and 4 trivalent cations (Sb’" + As’" + Bi’") gives + 22
charges, the excess of —4 charges is balanced by the accommodation of 2 Me*" cations distributed over the
M(1) site (C constituent). The latter acts as a “charge compensating cations” that fixes the B:C constituent
atomic ratio to 4:2 in the general formula [1].

(Cu", AgHe[Cu’4(Fe*",Zn*" Hg*",Cd*"),](Sb’",As’" ,Bi*"),S%; based on Zapfu = 29 (7)

The reaction of tetrahedrite during chemical leaching with ferric iron yielded mostly elemental sulfur
and pentavalent antimony [8] according to Equation (8). The oxidation of 1 mole of tetrahedrite (nominally
Cuyo Cu,”'Sb,**S13%)" involves the transfer of 44 moles of electrons.

Cu,SbsSi; + 44 Fe*' — 12 Cu** +4 Sb°" + 13 S° + 44 Fe** (8)

The reaction products are Cu®" and S° together with Sb>", the latter precipitates in the presence of
ferric iron. Elemental sulfur is the principal S-containing reaction product of chemical oxidation when
tetrahedrite dissolves in media with ferric iron at temperatures <100 °C.

In the bioleaching tests, the oxidation of tetrahedrite was mediated by iron-oxidizing bacteria in acid
sulfate media at ambient temperature (25 °C). The tetrahedrite concentrate was introduced to bacterial
cultures of At. ferrooxidans, At. ferrivorans and L. ferriphilum grown on ferrous iron. The experiments were
carried out in magnetically stirred reactors and in shaking flasks.
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Fig. 4. (A) Sharp drop of the redox potential at the start of tetrahedrite bioleaching
Fig. 4. (B) Iron speciation during the initial 12 days of tetrahedrite bioleaching
Series “R” = stirred reactors, series “S” = shaking flasks
Culture At. ferrooxidans (1-2), At. ferrivorans (3-4) and L. ferriphilum (5-6)

Fig. 4A shows the sharp drop of the redox potential at the start of bioleaching which is related to a
rapid change in the Fe’"/Fe’" ratio due to reduction of ferric iron with tetrahedrite (Eq. 8). In the initial stage
(lag phase) of bioleaching, the bacterial growth and iron oxidation activity ceased and ferrous iron
accumulates in the leach liquors (Fig. 5C). The lag period varied between individual strains and was shortest

! The nominal tetrahedrite formula (Cu10+Cu22+Sb43+Sl 32’) was adopted for simplicity of the next discussion.
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at L. ferriphilum and longest at A¢. ferrivorans. The iron oxidation accelerated earlier at cultures incubated in
shaking flasks (series “S” in Fig. 4B) compared to the cultures in stirred reactors (series “R” in Fig. 4B).

During the exponential phase, the growing cultures oxidized abundant dissolved ferrous iron that
served as an electron donor. The rates of CO, and O, consumption increased exponentially, (time period
4 - 7.5 days in the graphs in Fig. 5) and growth yield coefficient (Yox) approached 0.06 (C-mole/O-mole),
which is typical value for cultures grown on ferrous sulfate (see Fig. 3B). Iron acts as an important
intermediary electron carrier in the tetrahedrite oxidation reactions. Bacterial Fe*" oxidation rate highly
outcompeted the concurrent Fe*" reduction rate at the tetrahedrite surface. The exhaustion of Fe*" caused
limitation of bacterial growth and oxidation rates by the energetic substrate. In the next stage of bioleaching,
(time period from 7.5 days onwards in Fig. 5) the ratio of CO, fixed to oxygen consumed has increased,
approaching almost twice the yield value that would be predicted from exclusive growth on ferrous iron. The
higher yield is most likely due to co-utilization of sulfur intermediates or any other type of electron donor.
Our observations are consistent with previously published findings that the efficiency of CO, fixation is
much greater when sulfur rather than ferrous ion is being oxidized, showing that the transport of electrons
derived from RISC yielded more energy than the transport of electrons from Fe*".

An important parameter in biotechnological processes is the yield (Ypx) of biomass (X) on the
available substrate electron donor (D). Ypy is defined as C-mol of biomass produced per amount of electron
donor consumed (in C-mol for organic or in moles for inorganic donors). Roels [16] showed that biomass
yields for aerobic growth appear to depend on the degree of reduction of the carbon and energy substrate.
Reducing equivalents stored in the form of soluble Fe*™ or solid ferrous iron in sulfide minerals and reduced
inorganic sulfur compounds (RISC) may serve as significant source of energy for lithotrophic microbial
oxidation coupled to aerobic respiration. Beck and Shafia [32] showed that the efficiency of CO, fixation,
i.e., the ratio of CO, fixed to oxygen consumed, is much greater when sulfur rather than ferrous ion is being
oxidized, confirming, that the transport of electrons derived from RISC yielded more energy than the
transport of electrons from Fe*". However, we also observed an increase in growth yield at Leptospirillum-
like bacteria that do not oxidize RISC. Nevertheless, in the case of an indirect mechanism, tetrahedrite is
completely chemically oxidized by Fe’ and the role of acidophilic prokaryotes in this process is to oxidize
ferrous iron to ferric iron. Therefore, the reason for the higher growth yield is not clear. Most probably the
microorganisms utilize reducing equivalents stored in the form of Cu” and Sb*" in the reversal electron flow.
The amount of Gibbs energy for biomass synthesis for autotrophic growth only depends on the C-source and
electron donor for reversed electron transport. It does not depend on the nature of the catabolic reaction and
the electron acceptor used. The anabolic reaction (Eq. 1) does not involve the electron acceptor. The electron
acceptor is only relevant for the amount of catabolic energy which can be obtained from the electron donor.
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4 Conclusions

Exponentially grown cultures of At. ferrooxidans, At. ferrivorans and L. ferriphilum on ferrous iron,
have shown nearly constant specific growth rates and specific oxidation rates in a relatively large pH range
1.6 to 2.1. On-line measurements of the oxygen and carbon dioxide consumption rates revealed, that the
rco2/ro; molar ratio at cultures growing on ferrous iron approaches the value of 0.06. In this study the
biomass yield was not corrected for maintenance energy (or endogenous metabolism). Those parameters
could be observed in continuous incubation mode. Nevertheless, even in the batch incubation it is possible to
observe the increase of the biomass yield during the acceleration phase. In the exponential phase, the yield
coefficient Yox approached 60 mmoles of CO, fixed per mole of O, consumed and does not changed during
the period of unlimited growth. The yield coefficient corresponds to 14 mmoles of CO, fixed per mole of
Fe”" oxidized.

The efficiency of bacterial CO, fixation, i.e. the biomass yield coefficient Yox during the course of
tetrahedrite bioleaching has increased, approaching almost twice the yield value that would be predicted
from exclusive growth on ferrous iron. The higher yield is most likely due to co-utilization of sulfur
intermediates or any other type of electron donor.

Considering the unreasonably broad range of reported values of yield coefficient when using direct
microscopic counting of bacterial cells, we rather prefer the parameter total (organic) carbon to express the
amount of biomass and yield coefficients, which are in good agreement with many published scientific
works.

The observed effectiveness of acidophilic Fe- and S- oxidizing bacteria in promoting tetrahedrite
dissolution highlights the potential of bioleaching as a viable method for metal recovery from complex
sulphide ores. This observation aligns with the findings of Kupka et al. (2023), where the kinetics of
bacterial growth and iron oxidation were investigated, underscoring the role of temperature in bioleaching
efficiency. The maintenance of high redox potential through bacterial oxidation ensures the continuous
regeneration of Fe®", which is crucial for sustained mineral oxidation.
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Abstract

Sulphidic mining wastes in the form of heaps, dumps and tailings are negative residuals of mining and mineral
processing. They are a long-term source of contamination because they are subject to intensive mechanical, chemical
and biological transformation processes that result in the leaching of various toxic elements into the environment.
However, these mining wastes have a positive side as well. Although they contain low concentrations of toxic elements,
they are potentially utilizable as the alternative raw resource of metals include critical metals. There are several
technologies for processing mining dumps and heaps. These include the bioleaching with sulphur- and iron-oxidizing
bacteria of the genus Acidithiobacillus.

The focus of this work was to study the bioleaching of solid mine wastes taken from the mine heap of an abandoned
mining area - Zlata bana. Acidithiobacillus ferrooxidans bacteria were used in the experiments. The tests were carried
out in laboratory conditions.

Keywords: sulphidic mining wastes, bioleaching, metals, Acidithiobacillus ferrooxidans

1 Introduction

Wastes coming from ore mining and mineral processing, such as heaps, dumps, mine water outflows
from shafts and tunnels, drainage water from heaps, dumps and tailings can be an interesting secondary raw
material source of metals [1-2]. These wastes are negative residuals of mining and mineral processing. They
present sources of contamination for the environment in the surrounding of the old, closed or abandoned
mining areas, and therefore many of these sites in Slovakia are classified as environmental burdens, marked
in literature as “old mining burdens” [3-4]. Environmental burdens in terms of legislation are integrated in
several strategic documents of the Government of the Slovak Republic [5].

Low-grade sulphidic mining wastes in the form of heaps, dumps and tailings are integral part of the
active but mainly finished mining activity on ore deposits. They contain toxic elements, mainly metals and
metalloids. They consist of heterogencous materials deposited here over many years of intensive mining
activity and mineral processing. They are a long-term source of contamination because they are subject to
intensive mechanical, chemical and biological transformation processes that result in the leaching of various
toxic elements into the environment. The main risk is the bioavailability of metals and the entrance into the
food chain. Environmental contamination is indicated by the occurrence of secondary minerals, which are
present in a metastable form in the surface areas of the ore bodies and in the heaps of wastes after mining.
Secondary minerals precipitate at the places where drainage waters flow out from heaps [6]. Metals that
come into surface waters by groundwater, mine water, and flow water have different mobility [7]. Besides
the traditional methods aimed at assessing the content of toxic elements in the natural environment, the
"biomonitoring methods”, based on the ability of living organisms to respond to environmental stress, are
getting to the forefront [8].

There are several technologies for processing mining dumps and heaps. These include leaching in
connection with subsequent extraction of metals from leach solutions [9]. During leaching of solid wastes,
metals are leached into the solution. Their subsequent removal from the leach solution e.g. by selective
precipitation it makes it possible to obtain metals in suitable forms for further use. Leaching of mining waste
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can take place under the influence of chemical as well as chemical-biological processes, i.e. bioleaching
processes with the participation of a biological component - microorganisms [10]. Although bioleaching as a
progressive technology of mining, processing of minerals and environmental protection has been applied in
practice only since the mid-50s of the twentieth century, the first mentions of some of its "forms" are known
1000 years BC [11]. In connection with landfills of mining wastes containing sulphide minerals, bioleaching
with sulphur- and iron-oxidizing bacteria of the genus Acidithiobacillus (SFeOB) is the most studied, which
due to their metabolism cause oxidation of metal sulphides, thus dissolving sulphides and thus leaching
metals into leach solution [12]. The activity of SFeOB based on the biogeochemical sulphur cycle in nature
is associated with the activities of sulphate-reducing bacteria (SRB) of the genus Desulfovibrio. SRBs are
able to reduce sulphate sulphur to sulphide sulphur in the form of hydrogen sulphide. Subsequently,
hydrogen sulphide precipitates metals to form metal sulphides [10]. The bioreductive properties of SRB can
thus be used in the recovery of metals from mining effluents in the form of metal sulphides. The study of
these processes provides the possibility of recovering mining waste as a source of utility metals including
critical metals.

Typical examples of old mining loads in Slovakia are mainly abandoned deposits Smolnik, Pezinok,
Lubietova, waste deposit in Sobov and others. The main sources of environmental risks of these deposits are
heaps, outflows of mine waters from mining areas, drainage water from heaps, dumps and tailings with over-
limit concentrations of metals, metalloids and sulphates, in comparison to Government Regulation
No. 269/2010 Coll. [3].

Mining localities with the little attention so far to the environmental contamination are the abandoned
deposits - Dubnické opalove bane and Zlata Bana [8]. These deposits have long been used intensively for the
extraction of Au, Sb, Hg and also opal, whose deposits have been unique till the 19th century. Opal mining
was significant in the second half until the end of the 18th century [13]. Continuation of mining activity was
mining of antimony. At the beginning of the 20th century, after the end of the mining activities, the area was
devastated by numerous remains of mining activities. There are a huge number of extensive heaps, open
mine tunnels and several shafts. In spite of the serious environmental situation and the persisting
environmental problems, no attention has been paid to this area in terms of scientific research. It is necessary
to focus on obtaining a comprehensive set of knowledge regarding the environmental status of this former
mining area, which has not yet been evaluated for this purpose. The self-improvement of the situation in the
abandoned mining sites mentioned above is not possible, but it is possible to focus on methods of its
remediation or valorisation as secondary sources of raw materials - Cu, Fe, Zn, Hg, Pb etc., as well as of
critical raw materials such - Co, Ni, Mg, Sb, Sr, Ti etc.

This article focused on the preliminary study of bioleaching of solid mining wastes taken from the
heap of abandoned mining area Zlatd Baiia. The sulphur and iron oxidizing bacteria Acidithiobacillus
ferrooxidans (AF) were used in the experiments. Experimental works were focused on the leaching of
selected metals (Fe, Zn, Pb, As and Sb) under the influence of AF bacteria at the laboratory conditions.

2 Material and methods
2.1 Microorganisms

The sulphur and iron-oxidizing bacteria Acidithiobacillus ferrooxidans (AF) used in the experiment
was isolated from two different localities of Eastern Slovakia. Bacteria were isolated from the acid mine
drainage effluent from the Pech shaft, the Smolnik deposit (AF-S) and from the seepage water flowing out of
the heap Zlata Bana (AF-ZB). A selective nutrient medium 9K [14] was applied for the isolation, cultivation
and preparation of the active bacterial culture of AF.

2.2 Samples of solid mine wastes

The four soil samples were collected from abandoned mining area Zlatd Bana. Sampling was
performed from 30 cm depth of the mine waste heap and the samples were saved into plastic bags. All
collected material was dried at laboratory temperature, quartered, grounded and sieved under 63 um. The
chemical composition of solid mine wastes was analysed by X-ray fluorescence analysis (XRF) using a
SPECTRO iQ II (Ametek, Germany). The mineralogical composition was analyzed by X-ray qualitative
diffraction analysis using X-ray diffractometer D8 Advance (Bruker, Germany).
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2.3 Bioleaching experiments

Based on the results of XRF analysis, one representative sample of the mine waste (ZB) was tested in
the bioleaching experiments. Sample was ground to a particle size < 63 pum. Bioleaching of the ZB sample
was performed using bacterial culture of AF-S and AF-ZB. Bioleaching experiments were carried out under
aerobic conditions at 30 °C in 250 ml Erlenmeyer flasks containing 100 ml of acid sulphate media 9K
without iron (with a composition for 1 liter of medium - MgS0,.7H,O (0.4 g), (NH4),SO, (0.1 g), K,HPO,
(0.04 g), 5 ml 5 M H,SO,). Pulp density was 3 % and pH 1.5. The inoculum of used cultures was 5 % and all
experiments were carried out in duplicate. The samples were mixed at 150 revolutions/min. For each
bioleaching experiment chemical controls with the same conditions and without inoculum were included.
Concentrations of Fe, Zn, Pb, As and Sb in leachates were analysed at chosen intervals. pH was measured by
pH meter PHM210 (MeterLab, France) experiments. Concentration of metals in leachates were determined
by atomic absorption spectrometry (AAS) using a Varian 240FS/240 Z spectrometer (Varian, Australia).

3 Results and discussion
Chemical composition of the studied mine waste sample ZB is presented in Table 1.

Table 1. The chemical analysis of Zlata Bana sample tested in the bioleaching experiments
(values of selected majority elements, XRF analysis)

Sample Fe | Zn | Pb | As | Sb
7B (mg/kg)
46020.0 | 310.8 | 1518.0 | 291.9 | 402.5

Figure 1 shows the trend of the bioleaching of Fe from the studied solid sample ZB throughout the
duration of the experiment. Biotic samples (ZB-AF-S) and (ZB-AF-ZB) have been observed to contain
higher concentrations of Fe in the leachates than in the abiotic samples (ZB-K). Maybe the reason for the
difference in the leached concentration of Fe has to do with the activity of bacterial culture (AF).
A difference in the use of autochthonous (ZB-AF-ZB) and non-autochthonous bacterial culture ZB-AF-S)
was not observed, because in both conditions, the concentration of leached Fe was approximately the same.

0 5 10 15 20 25
25 Time (day)

10 400
350
£ 35 )
2 % £ 300
=11}
- 55 2 250
R = =
200
o N
) 20
= < 3 150
2 13 2 100
E 10 =
5 . £ Sﬂl
o) ]
2 g 0
5} 0 s
< o

Time (day)
—8—7BAF-S —B—ZBAF-ZB --B--ZBK
—8—7ZBAF-S —8— 7ZBAF-7ZB --0--7BK

Fig. 1 .The changes of Fe concentration Fig. 2. The changes of Zn concentration
at bioleaching tests at bioleaching tests

Figures 2 - 5 show the course of leaching of zinc, lead, arsenic and antimony. Similar to the leaching
of Fe, a difference in the use of autochthonous (ZB-AF-ZB) and non-autochthonous bacterial culture
(ZB-AF-S) was not detected. In addition to that, biotic and abiotic samples were observed to contain
approximately the same concentrations of investigated elements in the leachates. Probably the leaching of
elements was caused by the applied nutrient medium and not under the influence of bacteria. The highest
increase of the Zn concentration in the liquid phase for biotic, as well as abiotic samples was observed after
two days. Subsequently the concentration of Zn decreased, later gradually slightly increased, and finally
reached the value 300 - 310 ng/ml at the end of the experiment. The highest increase of the Pb concentration
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in the leachates was observed after two days (in ng/ml): 210, 240 and 244 in samples ZB-AF-S, ZB-K and
7ZB-AF-ZB, respectively. Next the concentration of Pb very much slightly decreased and this trend was
observed until the end. The final concentrations of Pb reached the following values (in ng/ml): 200, 220 and
240 in samples ZB-AF-ZB, ZB-AF-S and ZB-K, respectively. The highest increase of the As and Sb
concentration in the all leachates was observed after two hours, so it can be said that it happened
immediately after the addition of acid sulphate media 9K medium without iron (As - 49.0 ng/ml; Sb -
6.3 ng/ml). Subsequently the concentration of As decreased, after four days was almost stabilized until the
end of the experiment, when the concentration of As achieved values of 16-18 ng/ml. In all leachates the
concentration of Sb gradually decreased after four days, and finally reached the value 3.5 ng/ml.

Figure 6 shows the pH changes in the liquid phase at the start and the end of bioleaching tests. There
were no significant changes in the pH values of the liquid phases. Bacteria AF had an appropriate pH for
their growth.
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4 Conclusions

The achieved results of the preliminary bioleaching tests of the soil samples collected from abandoned
mining area Zlatd Bana documented that: only in biotic samples (ZB-AF-S) and (ZB-AF-ZB) have been
observed to contain higher concentrations of iron in the leachates than in the abiotic samples (ZB-K); the
difference in the use of autochthonous (ZB-AF-ZB) and non-autochthonous bacterial culture (ZB-AF-S) was
not observed; during of the leaching of zinc, lead, arsenic and antimony, the biotic also abiotic samples were
observed to contain approximately the same concentrations of investigated elements in the leachates.
Probably the leaching of elements was caused by the applied nutrient medium and not under the influence of
bacteria.
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There were no significant changes in the pH values of the liquid phase, the bacteria had an appropriate

pH for their growth. Control samples (ZB-K) were not contaminated with AF bacteria. The activity of AF
bacteria may have been affected by the increased concentration of As and Pb in the leachates [15]. Perhaps
the adaptation of bacteria to the given conditions is a partial solution.

Now we cannot explain the leaching of selected metals trends. They are preliminary tests. More

research is needed. Research using living organisms such as bacteria is unpredictable and fraught with many
questions.
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Abstract

Complex sulfide minerals of the tetrahedrite group, that is notable for the different elements stable in its structure, are a
significant copper, precious/noble-metals and other valuable metals resources. Particular component of these minerals
are difficult to separate and treat. The antimony and arsenic content causes technological problems during copper
metallurgy along with ecological problems related to the hazardous emissions. Moreover, tetrahedrite is interest of the
potential Sb recovery. Alkaline leaching in a medium containing sodium sulfide offers a hydrometallurgical approach to
provides selective dissolution of different components from the minerals into the leach solution. The goal of the present
work was to evaluate the possibility of antimony separation from a tetrahedrite rich flotation concentrate by bioleaching
at a higher pH as an analogy to the caustic hydrometallurgical treatment. The bioleaching was performed at anaerobic
condition using sulfate reducing bacteria, which produce significant amounts of dihydrogen sulfide in the process of
dissimilatory anaerobic respiration. The tetrahedrite sample used in these investigations originated from the Strieborna
vein of the Roznava mine situated on eastern Slovakia.

Keywords: terahedrite-tennantite concentrate, alkaline leaching, bioleaching, sulfate reducing bacteria

1 Introduction

Antimony is a shiny grey metalloid known since ancient times when it was used in medicine and
cosmetics. It is an element present in relatively small concentrations in the earth’s crust, rarely found in pure
metallic form. Antimony compounds are found in several types of ore to form over 100 different minerals.
Although not used in large quantities, antimony is used extensively for many purposes. Its biggest
application today is as a flame retardant, which accounted for around half of global usage in 2023. Antimony
is used as decoloring agents in optical glass (binoculars, phone screens, photovoltaic glass), in lead-acid
batteries, in military equipments. It is also used as a metals strengthener for babbitt bearings in wind and
hydro turbines. Antimony now plays an essential role in large-scale renewable energy storage batteries,
which is critical to the clean energy movement [1]. Antimony due to its growing economic significance and
supply risk is repeatedly included in the List of critical raw materials of the EU. EU 100 % import reliance
increase the importance of local sources [2].

Global growth for base metals demand results to the attention to the low grade and complex sulfide
ore processing. Based on above mentioned, Slovak deposits of critical and other significant minerals/metals
were revaluated as it is reported in [3]. Currently nine no exploited antimony deposits are registered with
reserves of 55 358 t of Sb. In Little Carpathians at Pezinok four deposits with average grades of 3.22 %
antimony is situated. Five Dubrava deposits with average grades of 1.86 % antimony in Low Tatras is
located [4]. The potential in Sb production has the Strieborna deposit placed in eastern Slovakia near the
town of Roznava. [5]. Major vein minerals are siderite and quartz—sulfide minerals. The most abundant
sulphide minerals are tetrahedrite, chalcopyrite, pyrite and arsenopyrite. A more brittle tetrahedrite variety
with steel blue colour and high metallic lustre is usually enriched by Cu, Ag, Bi, Sb and Hg. A darker low
lustre variety contains more Zn and Fe. The high content of silver in tetrahedrite was the reason for the name
of the Strieborna vein [6]. According to a National Instrument (NI) 43—101 technical report estimate from the
year 2015, the Strieborna deposit contained resources of 2.3 million metric tons with average grades of
0.85 % antimony, 1.2 % copper, and 267 grams per metric ton silver [7].

The majority of antimony extractive processes involve pyrometallurgical methods. These methods
continue to dominate today [8]. However, complex sulfide minerals are difficult to separate by selective
flotation and the associated elements as antimony and arsenic have adverse effect to their pyrometallurgical
processing as significantly affect the quality of the copper product. Besides, the emission of toxic antimony
and arsenic compounds during the conventional treatment process cause serious environmental problems [9-
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11]. Hydrometallurgical treatment offers a cost effective and environmentally friendly process for the
selective dissolution of the different elements from the complex sulfide minerals. Hydrometallurgical
processing of tetrahedrite is possible by way of acidic oxidative leaching or alkaline leaching. In acidic
oxidation media, dissolution of copper and iron occurs and, depending on the leaching conditions, also
antimony. Alkaline leaching in a sodium sulfide environment selectively dissolves antimony, while copper
and iron remain in the solid residue. Alkaline sodium sulfide solution acts as a universal solvent for most
antimony compounds. Conversely, most metals are highly insoluble in this solution. Exceptions would
include arsenic, tin and mercury. After liquid/solid separation, the deposition of antimony metal from the
alkaline sulfide solution via electrowinning can be carried out. This process also regenerates sulfide in the
solution, allowing effective recycle of the lixiviant back to the leach stage [8]. The feasibility of antimony
solubilization in both, acidic and basic media results from its amphoteric nature [10, 11].

In this work the bioleaching of tetrahedrite flotation concentrate as an alternative of chemical alkaline
leaching was studied with aim to antimony selective recovering. The test was performed at higher pH in the
presence of sulfate reducing bacteria consortium, of which metabolic product is dihydrogen sulfide.

2 Materials and methods
2.1 Materials

The tetrahedrite used in this investigation originated from the Strieborna deposit situated within the
Roznava ore field. The ore sample were crushed approx. to 100 pum and processed by froth flotation. The
upgraded concentrate sample contained about 73 % of tetrahedrite and about 21 % of siderite [5].
Concentrations of analysed elements are shown in the Table 1

Table 1. Chemical composition of the tetrahedrite concentrate

Cu | Sb | Fe | As | Zn | Ag | Mn
(Wt%)
3031 | 2221 | 903 | 203 | 0.75 | 055 | 0.11

2.2 Methodology

Our shared efforts were focused on the development of low-cost, effective, environmental friendly
biotechnologies enabling extraction and recovery of metallic raw materials. The aim of our work was the
treatment a tetrahedrite rich flotation concentrate by selective dissolution of elements. The first concept had
target the bioleaching of the concentrate in acidic and aerobic condition at ambient temperature by three
strains of iron-oxidizing bacteria as equivalence of chemical acidic oxidative leaching. The role of bacteria in
the process was the Fe’" oxidizing agent regeneration and high redox potential maintenance. The positive
biocatalyzing effect led to the selective extraction of Cu, Zn, Ag, Pb, Sb and As into the solution [12, 13].

The present work is aimed to the second option of the leaching in the presence of a sulfate reducing
bacteria at a higher pH as an analogy to the hydrometallurgical treatment of tetrahedrite by alkaline leaching
in a sodium sulfide environment. By commercial caustic leaching of tetrahedrite selective and effective
dissolution of antimony and arsenic in the form of tri- to pentavalent soluble complex (thioanions) is
achieved and copper in the form of insoluble sulfides is obtained. The extraction rate is significantly
enhancing with ascending leaching time and reaction temperature and by increased concentration of sodium
sulfide and sodium hydroxide in the lixiviant. NaOH avoid hydrolysis of sulfide to hydrogen sulfide and
dihydrogen sulfide, which reduce the efficiency of the leaching. The degree of antimony and arsenic
dissolution is intensified with mineral particle size decrease [11, 14].

The chemistry of tetrahedrite leaching in alkaline sulfide solution can be expressed by equations [ 10,
11, 14]:

Cu2SbsS 5(s) + 2 NayS(1) = 5 Cu,S(s) + 2 CuS(s) + 4 NaSbS,(1) (1)
NaSbS,(1) + Na,S(I) — NasSbS; (1) )
(x-1) Na;SbSs(s) + 3 NayS(1) — (x-1) Na;SbSa(1) + Na,S(1) 3)
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In the bioleaching experiment sulfate reducing bacteria (SRB) was used. SRBs are defined as a
diverse group of heterotrophic, strictly anaerobic bacteria. Their basic metabolic process is dissimilatory
anaerobic respiration, in which the bacteria oxidize the organic substrate or molecular hydrogen and reduce
sulfate, occasionally sulfites and thiosulfates. SRBs produce significant amounts of sulfane in this process.
For their growth, the optimal values are pH 6.5 - 7.5 and redox potential in the range of -100 mV to -300 mV
[15, 16]. The SRBs used in the bioleaching experiment were isolated from the source of geothermal well of
natural mineral water near KoSice (Slovakia). Isolation and subsequent cultivation were performed under
anaerobic conditions at 30 °C and pH 7.5, using a selective nutrient medium DSM-63 according to
J. Postgate [15]. The chemical composition of medium promotes the preferential growth of SRB from the
genera Desulfovibrio and Desulfotomaculum. The source of the organic substrate in this nutrient medium is
sodium lactate and sulfate serves as the sole electron acceptor. The metabolic process of incomplete
heterotrophic oxidation of lactate associated with sulfate reduction is described by the equation:

2CH;CHOHCOO + SO, — 2CH;COO " + 2HCO5 + H,S 4

Although the optimal pH value for growth for SRB is about 7.5, in the literature is reported that SRBs
can thrive at pH 8.5 and are able to tolerate pH 10 [17]. Considering the conditions of the alkaline leaching
process of tetrahedrite in a sodium sulfide environment, we focused on the adaptation of SRB to higher pH
values. The adaptation proceeded in several steps. The medium pH was stepwise increased during the
cultivation of SRB from an optimal value of 7.5 to 8.0, followed by 8.5 to 9.0. The metabolic activity of SRB
was still noticed at the pH values of 8.0 and 8.5. Inhibition occurred at pH 9.0, even after repeated attempts
of incubation. Consequently, in bioleaching experiments, the bacterial cultures grown at pH 8.5 was used.
Study with the cultures grown at pH 7.5 was also realised to observe the differences in the bioleaching
performance at different pH values.

2.3 Experimental set up

Sample of tetrahedrite concentrate obtained by froth flotation was used for the experiments. The
mineral sample was sterilized at 105 °C for one hour. Bioleaching experiments were performed in batch
mode in media with pH 8.5 and pH 7.5 with slurry density of 20 g tetrahedrite sample per liter of liquid
nutrient medium. 20 % (vol) of bacterial SRB cultures grown anaerobically were inoculated in the biotic
samples (BS). Abiotic controls (AC) contained only the tetrahedrite in sterile liquid medium. The
experiments were performed in parallels. The cultures were incubated statically at 30 °C under anaerobic
conditions in 500 ml culture flask. The metabolic activity of SRBs during the bioleaching experiments was
evaluated based on the loss of sulfates and the production of sulfane in the liquid medium. The sulfate
concentration was determined by ion chromatography (Dionex ICS 5000, Thermo Scientific, USA) and the
positivity of the sulfane was confirmed by spectrophotometric method (VIS spectrophotometer HACH DR
1900). The concentration of selected metals Sb, As, Fe, Cu, Zn, Mn, Ag in the leachate was determined by
AAS (Varian AA240FS, Australia) and ICP-MS (Agilent 7700, Agilent Technologies, Inc. Wilmington,
USA) analysis respectively. The elemental composition of metal sulfides was evaluated by energy dispersive
X-ray spectroscopy (EDX) (Oxford Instrument, Oxford, UK). Bioleaching experiments were performed for
six weeks. The liquid samples for the analyses were withdrawn at weekly intervals.

3 Results and discussion

In the experiments performed in media with a pH value of 7.5, in spite of retry no SRB metabolic
activity was recorded in biotic samples. No decrease of sulfate concentration occurred and the presence of
sulfane in growth media was not confirmed. As it is shown in the Figures 1 and 2, the course of metal
leaching in BS and in AC was very similar, whereas dissolution of individual metals occurred wholly by
growth media. The noticeable leaching occurred in the case antimony, the concentration of which achieved a
value of 1970 ug/l in BS and in AC a value of 1960 ug/l. Arsenic reached concentration of 456 pg/l in BS
and of 521 ug/l in AC. The concentration of Cu in BS was 7.8 pg/l and in AC 6.1 pg/l. During the
experiment (> 14 days), pH decrease was noticed to 6.92 and 6.55 in the BS and AC, respectively.
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Fig. 1. Dissolution of metals from tetrahedrite Fig. 2. Dissolution of metals from tetrahedrite
concentrate in the presence of SRBs at the pH of 7.5 concentrate in abiotic series at pH of 7.5

The evidence of SRB metabolic activity in experiment conducted at pH 8.5 was a significant
difference compared to the previous procedure. In growth media the formation of sulfane was confirmed
with concurrent decrease in the concentration of sulfates. Over the 14 days, the values of pH declined to 7.20
and 7.24 in the BS and AC, respectively. The graphs (Figures 3 and 4) indicate quantities of metals and
metalloids extracted from the tetrahedrite concentrate to the aqueous medium during leaching period.
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Fig. 3. Dissolution of metals from tetrahedrite Fig. 4. Dissolution of metals from tetrahedrite
concentrate in the presence of SRBs at the pH of 8.5 concentrate in abiotic series at pH of 8.5

In the early of experiment there was no significant difference of the amounts of leached metals in the
presence or absence of SRBs. The decrease of metal concentration with advanced time of bioleaching
(> 28 days) in the biotic series was probably due to the production of sulfane and subsequent creation of tri-
and pentavalent soluble thioanions of antimony and arsenic, following by formation of colloidal sulfides at
near-neutral pH [18]. This presumption was affirmed by colouring of liquid media and presence of colloidal
clusters (Figure 5). Precipitation of sulfides of respective metals after acidification of the sample was
confirmed by EDX analysis (Figure 6). The final concentration of antimony reached the value of 1410 pg/l
in BS, and 3060 pg/l in AC. Concentration of arsenic achieved a value of 576.4 ug/l in BS and 702 ug/l in
AC.

Concentration of copper in aqueous medium was 424 ng/l in AC and markedly lower 0.3 pg/l in BS,
presumably due to its expected precipitation in the form of sulfides.

Fig. S. Leaching experiment BS at pH 8.5
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The possible reason for different bacterial activity of SRBs in biotic samples at pH values of 7.5 and
8.5 is the presence of toxic metals. Different pH in growth media after addition of tetrahedrite can affect the
speciation of present elements, what determines their bioavailability and toxicity. Diverse chemical forms of
particular metals can contribute to inhibition of SRBs growth in the intricate multicomponent system of
nutrient medium, tetrahedrite sample and organic residues from the flotation process.

4 Conclusions

It can be concluded that during bioleaching experiments using SRBs, it is not possible to meet the
efficiency defined for the hydrometallurgical processing of tetrahedrite by alkaline leaching in a sodium
sulfide environment. The obtained results evidenced, that during the experiments, particular metals were
leached only by the nutrient medium. Higher concentrations of metals were recorded in lixiviant with higher
value of pH. The metabolic activity of SRB associated with the production of sulfane was manifested by a
decrease in the concentration of metals by precipitation of the corresponding sulfides.

Acknowledgements

The work has been supported by Slovak Research and Development Agency within the project
APVV-20-0140 and by the Scientific Grant Agency under the contract 2/0108/23.

References

[1]  Perpetua Resources, Antimony: A Mineral with a Critical Role in the Green Future (Acessed August
26, 2024 at https://www.visualcapitalist.com/sp/why-antimony-is-critical-to-the-green-future/)

[2] Grohol, M., Veeh, C. European Commission, Study on the Critical Raw Materials for the EU 2023 -
Final Report, 158 p. Publication Office of the European Union, 2023, Luxembourg.

[3] Soltés, S., Kusik, D., Mizak, J., Kuba¢, A. Raw materials of the Slovak Republic, Slovak Minerals
Yearbook, 2020, p. 48-49. State Geological Institute of Dionyz Stur, Bratislava, 2021. ISBN 978-80-
8174-060-2. (In Slovak)

[4] Government of the Slovak Republic, Final report on prospecting and exploration of mineral resources,
2010 (Acessed August 29, 2024 at
https://www.google.com/search?q=About+https://Irv.rokovania.sk/data/att/114716 subor.doc&tbm=il
p&sa=X&ved=2ahUKEwiOiL VroémIAxWY 7wIHHTCYFvkQv5AHegQIABAC) (In Slovak)

[5] Hredzik, S., Matik, M., Sestinova, O., Kupka, D., Hanculdk, J., Zubrik, A., Znamenackova, L.,
Dolinska, S., Sisol, M., Marcin, M. Characterization of polymetallic ore and flotation concentrate from
the Maria Mine (Roznava, Spis-Gemer Ore Mts., Eastern Slovakia). In IOP Conf. Series: Earth and
Environmental Science 906, 2021, 012137, doi:10.1088/1755-1315/906/1/012137.

[6] Mikus, T., Kondela, J., Lacko, S., Milovska, S. Garavellite and associated sulphosalts from the
Strieborna vein in the Roznava ore field (Western Carpathians). Geologica Carphatica, 69 (3), 2018,
p. 221-236, doi: 10.1515/geoca-2018-0013.

[7] Matzko, J.R. 2015 U.S. Geological Survey Minerals Yearbook- 2015, Slovakia (Advance Release), p.
40.1-40.6.

[8] Anderson, C.G., Krys, L.E. Leaching of Antimony from a Refractory Precious Metals Concentrate In:
Proceedings of the Fourth International Symposium on Hydrometallurgy, 1993, Salt Lake City, Utah,
p- 341-363.

[9] Balaz, P., Achimovi¢ova, M. Selective leaching of antimony and arsenic from mechanically activated
tetrahedrite, jamesonite and enargite. International Journal of Mineral Processing, 81, 2006, p. 44-50,
https://doi.org/10.1016/j.minpro.2006.06.004.

[10] Sekula, F., Balaz, P., Jusko, F., Molnar, F., Jakabsky, S. Hydrometallurgical technology of tetrahedrite
concentrate processing from the Maria mine locality in Roznava. Acta Montanistica Slovaca, 3 (1),
1998, p. 149-156. (In Slovak)

[11] Awe, S.A., Sandstrom, A. Selective leaching of arsenic and antimony from tetrahedrite rich complex
sulphide concentrate using alkaline sulphide solution. Minerals Engineering, 23, 2010, p. 1227-1236,
doi:10.1016/j.mineng.2010.08.018.

[12] Hagarova, L., Kupka, D., Bartova, Z., Hredzak, S. Bacterial leaching of tetrahedrite from the Silver
vein in the Rozhava ore field. In Proceedings of the Conference GEOCHEMIA 2020, State Geological
Institute of Dionyz Stur, Bratislava, 2020, p. 39-45. ISBN 978-80-8174-054-1. (In Slovak)

180



Proceedings

[13]

[14]
[15]
[16]

[17]

Hagarova, L., Bartova, Z., Jurkovi¢, L., Kupka, D., Ci¢akova, C. Recovery of antimony by
bioleaching of tetrahedrite. In Proceedings of the Conference GEOCHEMIA 2024, State Geological
Institute of Dionyz Stur, Bratislava, 2024, p. 56-59. ISBN 978-80-8174-075-6. (In Slovak)

Awe, S.A., Samuelson, C., Sandstrom, A. Dissolution kinetics of tetrahedrite mineral in alkaline
sulphide media. Hydrometallurgy, 103, 2010, p.167-172, doi:10.1016/j.hydromet.2010.03.014.
Postgate, J.R. The Sulfate-Reducing Bacteria. 2nd edition, Cambridge University Press, Cambridge,
United Kingdom, 1984, 224 p. ISBN-10 052125791.

Ya-Nan, X., Yinguang, C. Advances in heavy metal removal by sulfate-reducing bacteria. Water
Science & Technology, 81 (9), 2020, p. 1797-1827, doi: 10.2166/wst.2020.227.

Tang, K., Baskaran, V., Nemati, M. Bacteria of the sulphur cycle: An overview of microbiology,
biokinetics and their role in petroleum and mining industries. Biochemical Engineering Journal, 44,
2009, p. 73-94, doi:10.1016/j.bej.2008.12.011.

Stankoviansky, S. Qualitative analytical chemistry. Slovenské vydavatel'stvo technickej literattry,
Bratislava, 1965, 494 p. (In Slovak)

181



6" International Scientific Conference on Biotechnology and Metals

APPLICATION OF HAMILTON INCYTE SENSOR FOR THE MICROBIAL
INHIBITION ANALYSIS OF ACIDITHIOBACILLUS FERRIDURANS BACTERIA

Valéria Madai-Uveges®, Lisani Nimira Budagodage®, Ljudmilla Bokanyi®

“ University of Miskolc, Miskolc, Hungary, valeria.uveges@uni-miskolc.hu, lisaninadeeshani@gmail.com,
ljudmilla.bokanyi@uni-miskolc.hu

Abstract

In bioleaching applications, inhibition effect of certain metals, solubilised from the solid feed plays a significant role in
the assessment of economic feasibility. Especially, in case of secondary raw materials, such as waste lithium-ion
batteries from electric cars, the bioleaching can be an eco-friendly alternative for the chemical leaching, but still has the
disadvantages such as low pulp density and elongated residence time due to toxic effect of diffused ions in the
suspension, among other factors. The aim of our research is to monitor the inhibition effect of different lithium
compounds, now battery black mass material and later pure lithium salts, by Hamilton online cell monitoring system. It
was revealed, that the application of its Incyte sensor, which enables real time measurement of permittivity values,
corresponds to the living cell density in the suspension even in case of Acidithiobacillus bacteria. Inhibition experiments
were carried out in the Bioprocessing Laboratory, University of Miskolc with Acidithiobacillus ferridurans bacteria,
cultivated in 9K nutrition solution. LiFePO, battery black mass was added at late log phase of bacterial growth, up to
5 g/L of black mass, the growth curves of these runs are compared to the undisturbed one, without adding any alien
materials.

Keywords: bacterial growth, inhibition, Hamilton, Incyte sensor

1 Introduction

Hungary aims to become the world's largest battery manufacturer and subsequently the leading
producer of electric vehicles [1]. Additionally, the European Union plans to ban conventional vehicles by
2035, and globally, every new car sold is expected to be electric by 2040. This transition will pose significant
challenges in managing lithium-ion batteries in the future, but since the global market for lithium-ion
batteries (LIBs) has experienced already relentless growth over the past decade, particularly in the last five
years, therefore the task has been given to researchers to find an economical feasible way to recycle batteries,
in the concept of environment sustainability.

Spent LiBs contain toxic metals such as copper, nickel, and organic chemicals such as toxic and
flammable electrolytes creating risk when disposed directly into the environment [2]. Globally, less than 5 %
of lithium-ion batteries (LiBs) are recycled at the end of their lifecycle, resulting in the majority being
disposed of in landfills [3]. Consequently, valuable metals are removed from the material flow, necessitating
extensive mining and processing operations to obtain new raw materials for battery production. This
situation is not only economically burdensome due to the high costs associated with mining but also
environmentally detrimental, as it depletes the Earth's finite resources [4].

Different recycling techniques, such as mechanical, thermal, hydrometallurgical, and mechano-
chemical methods, or combinations of these, can be used for the sake of recycling.

Microbial metal extraction, known as bioleaching, presents an effective solution for recycling lithium-
ion batteries (LiBs) by utilizing naturally occurring microorganisms to dissolve metals from mineral
sources [5]. This eco-friendly process requires minimal energy and avoids the production of sulfur dioxide
and other toxic gases [6], enabling a closed-loop system for recycling waste batteries into new ones [7]. The
most active bacteria in bioleaching, Acidothiobacillus thiooxidans (At. thiooxidans) and Acidothiobacillus
ferrooxidans (At. ferrooxidans), operate effectively in acidic environments with a pH range of 1.5 to 3. These
acidophilic bacteria have particular importance in bioleaching since they are iron- and sulfur-oxidizing,
chemoautotrophic, gram-negative, aerobic, non-spore forming, and can be cultivated at ambient temperature
[8].

A culture medium containing essential elements is vital for bacterial growth. Among various nutrient
media, the '9K' medium is the most used due to its significantly higher metal extraction capability [9]. Sub-
culturing bacteria in their own medium by maintaining a 1:9 ratio between the bacterial inoculum and the
growth medium accelerates their activity faster [10].
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In bioleaching, both particle size and pulp density of the concentrate or ore determine the available
surface area for the process. Although operating at high solids concentrations is economically beneficial,
practical limitations restrict the achievable pulp density [9]. A study on LiCoO,-based black mass was
reported that the maximum pulp density tolerated by At. ferrooxidans is 20 g/L, as metal toxicity, particularly
from cobalt, causes inhibitory effects at higher pulp densities [11]. While acidophilic bacteria exhibit higher
tolerance to heavy metals including copper, nickel, zinc, and cobalt; various strains display different levels of
metal sensitivity [12]. Tuovinen et al. [13] reported that cobalt exerts the highest toxic effect compared to
other heavy metals.

At. ferrooxidans is capable of oxidizing ferrous iron in the presence of relatively high concentrations
(10 g/L) of Zn, Ni, Cu, Co, Mn, and Al. Meanwhile, its iron-oxidizing activity is inhibited by Ag, Te, As,
and Se at much lower concentrations (5-10 g/L). Therefore, it is crucial to gradually adapt bacteria to the
specific environment to mitigate the inhibitory effects of toxic metals and allow for increased metal
concentrations [13]. In an adaptation study [14] on waste LiBs using A4¢. ferrooxidans, the adaptation process
was started at 2.5 g/L and was gradually increased to 10 g/L, which was identified as the maximum pulp
density limit. Heydarian et al. [15] studied the bioleaching of spent laptop lithium-ion batteries using a
consortium of adapted acidophilic bacteria including At. ferrooxidans and At. thiooxidans. The adaptation
process was conducted with pulp densities ranging from 2.5 g/L to 40 g/L, since 40 g/L identified as the
bacterial tolerance threshold.

Acidithiobacillus ferridurans, a close relative of Acidithiobacillus ferrooxidans, capable of oxidizing
sulfur, and hydrogen besides iron. The facultative anaerobe bacteria show some unique adaptations, such as
tolerance to extreme acidity and metals, and it has similar iron oxidation rates to Acidithiobacillus
ferrooxidans, with some variations in pH tolerance [16]. It has been used for bioleaching uranium,
demonstrating significant recovery rates under specific conditions, indicating the potential of related strains
in bioleaching applications [17].

In two step bioleaching, the "black mass," referring to the solids from spent LiBs, should be
introduced once the bacteria reach the late logarithmic phase [6, 7].

Indirect leaching has been explored in several studies as a method to overcome bacterial inhibition by
metals. In this approach, bacteria act as catalysts without directly contacting the surface of waste LiBs. They
oxidize elemental sulfur to sulfate, producing biogenic sulfuric acid (H,SO,), and convert Fe*" to Fe’". This
biogenic sulfuric acid then leaches metals from the waste LiBs [12]. The indirect, non-contact bioleaching
method for metal recovery from LiB waste, using both biogenic acid and biogenic iron in sequential batch
leaching, has demonstrated promising efficiency, particularly for cobalt recovery [18].

Temperature pretreatment of black mass has been employed in the literature to significantly mitigate
the inhibitory effects of binders and electrolytes, though it does not address jarosite formation, which can
reduce leaching efficiency [7]. Roy et al. [11] has reduced the amount of potassium and ammonia salts in the
9K medium to prevent jarosite formation and Zhao et al. [19] demonstrated that ferrous ions oxidize most
effectively in acidic conditions, within a pH range of 1.8 to 2.8, resulting in fewer jarosite deposits during the
leaching process.

In order, to predict, whether two step bioleaching, when black mass introduced once the bacteria reach
the late logarithmic phase (direct) or cell free bioleaching (indirect) will be the most effective option to be
applied, inhibition analysis have to be done prior to expensive bioleaching experiments. Although there are
not many data about At. ferridurans, protein profiles analysis could even differentiate At. ferrooxidans
strains, that considerably differ in the tolerance to metal sulfates. The difference can be 30-70 % as revealed
by Random Amplified Polymorphic DNA (RAPD) data, reported by Novo et al. [20]. This fact also
highlights the importance of inhibition analysis, even is case of a better-known strain.

Growth monitoring in the presence of toxic components can be difficult and often provides uncertain
results by finite dilution process or direct cell count under microscope, especially for Acidithiobacillus
bacteria, where jarosite formation occurs during growth. These methods require sampling, which usually
hold the highest error risk. The simplest and user-friendly method is provided by Hamilton online cell
monitoring system, using Incyte sensor to measure permittivity during the cultivation process realtime,
directly in the reactor.

183



6" International Scientific Conference on Biotechnology and Metals

2 Material and methods
2.1 Hamilton online cell monitoring device

Inhibition measurements were carried out by Hamilton Bonaduz on-line cell monitoring system at
Institute of Raw Materials Preparation and Environmental Technology, University of Miskolc. The system
consists of four measuring rods and an Arc View controller display. Besides the pH and dissolved oxygen
meters, the so called Incyte and Dencytee sensors are for cell density measurements. Dencytee is an
innovative optical sensor for total cell density measurement, which works with adjustable light source, while
Incyte’s mission is to measure living cells in suspension via dielectric spectroscopy. Online monitoring of
permittivity using Incyte enables early detection of process deviations without sampling and supports process
adjustments. Viable cell permittivity is measured at the frequency specific to the cell type: typically, | MHz
for mammalian cells and bacteria (or 2 MHz for yeast). This is continuously and automatically updated with
the value of the permittivity measured in the background at high frequency [21].

This system was designed to mammalian cells, yeast and high-density bacterial fermentation; however
our attempt is to use this device for Acidithiobacillus ferridurans is the first one in the history of Hamilton.
Hamilton sensors during work in Bioprocessing laboratory at University of Miskolc are shown in Fig. 1.
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Fig. 1. Hamilton online cell monitoring system and a printscreen of the display
(experiment: Sg/1 LFP inhibition)

2.2 Cultivation of bacteria

During the experiments Acidithiobacillus ferridurans ATCC 33020 bacteria were used. The strain was
isolated from acid mine drainage in Slovakia and kindly provided by the Institute of Geotechnics of the
Slovak Academy of Sciences. The composition of the nutrient solution used for cultivation per 1 litre total
volume is as follows. Solution 'A' consists of 3 g (NH4),SO,, 0.1 g KCl, 0.5 g K,HPO,, 0.5 g MgS0,.7H,0,
0.0144 g Ca(NO3),.4 H,O and 700 ml deionized water. The iron (II) sulphate solution 'B' (consists of 44.24 g
FeS0,4.7 H,0, 10 ml 1IN H,SO, and 300 ml deionized water) is not autoclavable, because the Fe*" ion would
be oxidised, so this solution was filter-sterilised before being mixed with the autoclaved sterilised and cooled
solution 'A'. The pH of the solution was adjusted to 2.3-2.5 by further addition of sulphuric acid. Inoculation
was done using 1:9 ratio with filtrated old culture and fresh 9K. Bacteria of uniform age were obtained by
inoculating twice, with a one-week interval between inoculations prior to each experiment.

2.3 Inhibitors

LiFePO, (LFP) type automotive battery was collected and discharged to remove any residual electric
charge. In order to the separation of black mass a series of unit operations were carried out. Initially, a two-
stage shredding by rotary shear shredder and hammer crusher was done followed by thermal treatment at
60 °C to remove most of the electrolyte solvent and finally size separation by hand sieving was carried out.
Black mass was separated at 1 mm, water washed and dried before analysis and experiments. Fe, P, Cu
contents were measured using ED-XRF (energy dispersive X-Ray Fluorescence Spectroscopy), and samples
were dissolved in strong hydrochloric acid to determine the exact soluble lithium content by atomic
absorption spectroscopy (AAS, PerkinElmer Analyst 400). The main detected elements distribution in LFP
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black mass was 65 % Fe, 22 % P and 9 % Cu, and Al 2 %. The concentration of lithium was measured as
2.89 % (m/m) [22].

Inhibition analysis for LFP battery black mass was carried out with At. ferridurans at 0.5, 1 and 2 g/L,
and 5 g/L concentration, the waste powder (x<Imm) was added at late log phase and suspension was agitated
8hours/day.

3 Results and discussion

The working principle of Dencytee sensor predicted, that this sensor is not capable to perform reliable
results in our system. Even without bacteria, in the sterile 9K nutrition solution the lack of agitation resulted
in significant changes in the values. In case of bacteria cultivation, the values are much higher, but this case,
it can be caused by the fine precipitate, which formed and settled onto the measuring window of the sensor.
When LFP black mass was added, after 150 hours of working, the mean value jumped from 250 to 2700 unit.
This clearly shows, that for inhibition or bioleaching monitoring, this sensor is not suitable.

Cell density measuremenst with Dencytee
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Fig. 2. Cell density in function of time, measured by Dencytee sensor in sterile 9K solution, At. Ferridurans under
“ideal” cultivation and when 5 g/l LFP black mass powder is added at late log phase (corrigated values)

Considering the graphs related to the conductivity data on Fig. 3, served by Hamilton device, it can be
seen, that for growth monitoring, conductivity measurements can be used as an indicator, especially for the
logarithmic phase, but when Fe”" oxidation finished, the curves are not very informative.
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Fig. 3. Conductivity values in function of time in sterile 9K solution, Az. Ferridurans at undisturbed cultivation
and when 5 g/LL LFP black mass powder is added at late log phase
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Incyte sensor measurements results can be seen in Fig. 4-5. To have better visibility, in Fig. 4, the
basic growth curve of At. ferridurans in 9K solution is to be compared to the case, when 5 g/LL LFP black
mass powder was added to the system after 150 h operation time. The curve has a higher maximum
compared to the base curve, the log phase is more protracted and the decay phase occurs later.
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Fig. 4. Growth curves of At. Ferridurans by Hamilton Incyte sensor alone
and with additional 5 g/L. LFP black mass powder

From the diagrams of Fig. 5, it was found, that compared to the others, it seems that the concentration
of 0.5 g/L shows the highest growth peak, but to reach the maximum, elongated time was demanded.
Bacterial density was overall positively influenced by the added LFP, but 0.5 g/L black mass concentration is
too low from a technological point of view. When the concetration was increased to 1 g/L, a prolonged lag
phase can be seen after the addition of LFP, and then, almost without plateau, the number of living cells
starts to decrease. This latter phenomenon is more pronounced at 2 g/L. If the concentration is increased
further, the inhibitory effect predominates over the assumed nutrient role of iron and phosphorus, so that the
maximum of the curve is lower than before, but still exceeds the base curve (see Fig. 4), and the system has a
prolonged plateau, which may be technologically advantageous.

At. ferridurans with LFP black mass

900
800
700
G600
500
400
300
200
100

0
100 @ 50 100 150 200 250 300 350
Time[h]

Permittivity [pF/em]

——05g/LBM ——1g/LBM

2g/LBM ——5g/LBM

Fig. 5. Growth curves of At. Ferridurans by Hamilton when LFP black mass powder
was added at late log phase
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Based on the results of our bioleaching experiments with this LFP black mass and At.ferridurans, it
was proved, that when the pulp density raised from 2 g/l to 5 g/L, and especially to 10 g/L, the Li recovery in
solution significantly improved [23].

4 Conclusions

Based on the results, a concentration of 5 g/L seems to be optimal for bioleaching experiments and
further increase in pulp density is possible.

Experiments are underway to investigate the effect of different pure lithium salts on bacterial growth
and to confirm the hypothesis that some of the battery constituents act as inhibitors and others as a useful
nutrient.

Bioleaching represents a key innovation in e-waste recycling, offering a greener, more cost-effective,
and scalable solution for metal recovery. As research progresses, it holds the potential to revolutionize the
recycling industry by minimizing environmental impact while efficiently recovering valuable resources.
Inhibition analysis by online cell monitoring system can serve as a useful background for bioleaching
process development.
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Abstract

Substrate limitation plays a negative role in all bioprocesses, so it is crucial to know whether its impact can be reduced
or eliminated. Regarding acid bioleaching, the limitation by elemental sulfur, CO, and O, was investigated.
Acidithiobacillus ferrooxidans was used as a model organism. Linear growth and sulfuric acid formation during the
active growth phase were detected. Based on the kinetics of cell growth and substrate oxidation, linear kinetics in
sulfur-oxidizing cultures indicated limitation by elemental sulfur. This hypothesis could be supported by the low
bioavailability of the pure sulfur substrate, as most sulfur was present as insoluble reservoir. Using mass spectrometry
to check for sufficient dissolved CO, and O, in the cultures, a direct relationship between linear kinetics and sulfur
limitation was confirmed. CO, limitation seems more dangerous than O, limitation, but unlike sulfur limitation, it is
potentially controllable. Aeration parameters were specified to eliminate CO, limitation without adding CO, to the air.

Keywords: Acidithiobacillus, aeration, bioleaching, substrate limitation, sulfur oxidation

1 Introduction

Sulfuric acid forms an essential environment for acid bioleaching of metals from low-grade ores,
wastes, or concentrates to ensure conditions for metal extraction and their solubility in the leaching
solution [1]. Acidithiobacillus ferrooxidans is a usual model organism [2, 3] although mixed cultures are
more common in nature. In the case of sulfide minerals containing iron, sulfuric acid keeps acid conditions
for the oxidation activity of ferric iron. If no iron is present, it represents the only extraction medium. As
elemental sulfur may be either the substrate that has been directly added to form sulfuric acid for metal
extraction [3] or can be an intermediate in metal sulfide oxidation [4], its bacterial oxidation to sulfuric acid
represents a fundamental role in the mechanism of acid bioleaching.

Because CO, is a source of cell carbon and O, is required for energy formation under aerobic
conditions, these gases are other essential substrates. Substrate limitation is a negative process for both
biochemical (biotechnological) and economic reasons. Since the basic parameters of oxygen limitation have
already been described [5], this study aimed to investigate substrate limitation, emphasizing elemental sulfur
and CO,.

2 Material and methods
2.1 Bacteria, culture conditions and analytical procedures

Acidithiobacillus ferrooxidans (CCM 4253) was grown on elemental sulfur under conditions described
earlier [6]. Large-scale growth experiments were conducted using a 10-1 bioreactor (Infors HT, Techfors-S).
Dissolved CO, and O, concentrations in the sulfur-oxidizing cultures at 30 °C were detected using a compact
membrane inlet mass spectrometer (MIMS, HPR-40 DSA, Hiden Analytical, UK) in a reaction vessel of
130 mL. Parameters characterizing CO, and O, limitations were evaluated as previously described [5].

3 Results and discussion

In our bioleaching studies, A. ferrooxidans produced sulfuric acid from elemental sulfur [3] and was
therefore used as a model organism. Although the fact that bacteria oxidize elemental sulfur to sulfuric has
been known for a very long time, the nature of the sulfur substrate and the oxidation mechanism are still
unclear. Older designs have been previously summarized [6]. A specific type of colloidal sulfur has been
suggested to be a bioavailable substrate for bacteria [7, 8], and the metabolic bottleneck is the slow formation
of a colloidal sulfur substrate from excess insoluble sulfur in the culture. In a more active culture, sulfur
limitation can quickly occur, similar to O, or CO, limitation. This was demonstrated by linear kinetics of
growth and sulfur oxidation consistent with the Monod equation and the kinetics of fixed volume fed-batch
culture, indicating limitation by the above 3 substrates, because this kinetic approach has the same
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interpretation of substrate limitation by both elemental sulfur and gaseous substrates. Based on changes in
acration intensity [6], we ruled out limitation by gaseous substrate and suggested limitation by elemental
sulfur. This hypothesis was now directly confirmed by the fact that the sulfur-oxidizing culture was
maintained in both CO, and O, excess monitored by MIMS and the observed linearity and rate of the
bioprocess did not change. Thus, the primary source of limitation was the sulfur substrate, which could not
be easily influenced. However, even at high aeration rates, linear kinetics always resulted from sulfur
limitation. The limitation by sulfur substrate can be the main factor influencing the overall kinetics of
bioleaching processes.

Another source of limitation was CO,, rather than O,, when aeration intensity was insufficient. The
critical CO, and O, concentrations, representing the lowest CO, and O, concentrations that do not limit the
rate of CO, assimilation or cell respiration during sulfur oxidation (5 x K,,), were 0.65 + 0.21 and 2.5 £
1.4 uM for CO, and O,, respectively.

4 Conclusions

Linear cell growth in sulfur-oxidizing cultured was related to elemental sulfur limitation even under
sufficient aeration conditions (no CO, or O, limitation). The conversion of elemental sulfur to a more
bioavailable sulfur substrate creates a rate-limiting bottleneck for bacterial sulfur oxidation. Critical CO, and
O, concentrations were determined to avoid limitation by the gaseous substrates.
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Abstract

Cadmium (Cd) sensitivity in plants varies both within and among species, influenced by genetic background,
environmental conditions, and cultivation practices. Flax (Linum usitatissimum L.) shows significant variability in its
response to Cd*", affecting shoot growth and photosynthetic efficiency across different varieties. Chlorophyll and
carotenoid content varied notably among the 13 tested flax varieties, indicating differential tolerance mechanisms.
Chitinases, enzymes involved in plant defense, are believed to play a key role in mediating cadmium tolerance.
A genome-wide analysis of flax identified 69 chitinase genes with 32 encoding GH 18 family domain proteins and 37
encoding GH 19 family domain proteins. This gene family expansion, likely due to whole genome duplication, may
contribute to enhanced stress tolerance. Sequence analysis classified the chitinases into various classes, with classes I
and II, often linked to stress response, showing highest abundance. Variable chitinase expression among flax varieties
plays possible role in cadmium tolerance during early development stages. These findings highlight the importance of
chitinases in enhancing flax's resilience to cadmium toxicity and underscore the potential of selective breeding for
improved tolerance and phytoremediation applications.

Keywords: genome, glucanhydrolase, Linum usitatissimum, metal tolerance

1 Introduction

Since the mid-1990s, the use of fiber crops like flax has been considered in relation to their ability to
tolerate and absorb heavy metals from the soil. Several studies have described certain flax varieties' high
tolerance to cadmium ions and their ability to accumulate cadmium from the soil [1, 2]. Research has shown
that flax is relatively tolerant and can act as an accumulator of cadmium (Cd), copper (Cu), lead (Pb), and
zinc (Zn) [1, 3, 4]. For example, Angelova et al. [3] found that mature flax (variety Kaliakra) grown in an
industrially polluted area with Cd concentrations of 12 mg/kg of soil accumulated cadmium in the roots
(8.7 mg/kg dry weight) and stems (7.3 mg/kg dry weight) in comparable amounts, much higher than in the
leaves, capsules, and seeds (< 2 mg/kg dry weight).

Flax's sensitivity to cadmium, however, is quite variable. For instance, Pavlovi¢ova et al. [5] compared
six varieties and linked their tolerance to chitinase enzyme activity. Chitinases are glucan hydrolases that
play an indirect role in plants' responses to various environmental stresses, including heavy metals.
Metwally et al. [6] and Mészaros et al. [7, 8] also demonstrated a direct relationship between chitinase
activity and the degree of tolerance to these stresses. The chitinase gene family in flax has been only partially
studied [5], and despite the knowledge of the flax genome, this enzyme family has not been thoroughly
characterized. This study presents the foundations for further research aimed at selecting cadmium-tolerant
flax varieties, correlating this trait with the activity of chitinase family members.

2 Material and methods
2.1 Plant material and testing for metal tolerance

A set of flax (Linum usitatissimum L.) varieties, Belinka, Escalina, Laura, Jitka, Ilona, Flanders,
Marina, Szeged 30, Azur, Modran, Texa, Rekord, Wiera, Verum, Liral Sussex, Krasnoder, Jugoslavik viner,
Ilgermila I, Hohenheim, Gisa, Lilas, Dearo, Rastatter Weiss, Mume, Solido, Diana, Pastel, Stamkanovits,
Shakhimskaja, Rembrandt and Purple. After surface sterilization using 5 % (v/v) sodium hypochlorite for
10 min and careful washing with sterile deionised water, 6 seeds per variety/variant were germinated and
cultivated in presence/absence of CdCl, solution (0 and 20 mg.L™") in Petri dishes with Hoagland nutrient
solution (400 rng.L'1 KNO;, 350 rng.L'1 MgS0,.7H,0, 300 mg.L'l, NaH,PO,.2H,0, 400 rng.L'1 CaCl,,
350 mg.L"' NaNO;) with/without the addition of a 20 mg.L"' CdCl,. Cultivation occurred at room at a
photoperiod of 16 hours light/ 8 hours dark with maximum intensity 11 450 1x; temperature max. 28 °C
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(light)/ min. 18 °C (dark) for 8 days. Growth parameters (weight and length) were measured for experimental
plants and tolerance indexes were expressed as ratio of values for metal-exposed plants to corresponding
controls (in %).

2.2 Determination of photosynthetic pigments

Photosynthetic pigment concentrations (sum of chlorophylls a and & (Chl(a+b)), content of total
carotenoids (Car)) was carried out according to Lichtenthaler [10] in 50 mg (fresh weight) of plant tissue.
Ratios of Cd-treated plant/ values for control were calculated to allow comparison among varieties [4].

2.3 Identifying chitinases in flax genome

Keyword  “chitinase” was used to  search  the  Phytozome  v.12  database
(https://phytozome.jgi.doe.gov/pz/portal.html). The obtained sequences were filtered for the presence of
Pfam domains PF00182 or PF00704, typical for GH19 and GH18 family (respectively). Corresponding
cDNAs were analyzed to estimate molecular weight and isoelectric point pl values using bioinformatic tool
Compute pl/Mw on the Expasy server (https://web.expasy.org/compute pi/). Sequences were aligned using
Clustal Omega program (EMBL-EBI, https://www.ebi.ac.uk/) and phylogenetic tree was visialized using
TreeView program (TreeView™ ©Genealogy Supplies, Jersey).

3 Results and discussion

Metal sensitivity to plants varies among as well as within species. This diversity can be attributed to
genetic background, external conditions but also cultivation practices and has been often described [11].
Differences in seed yield, straw weight, and growth rates among different flax varieties gain complexity in
presence of toxic elements in soils such as cadmium [1, 3, 5]. Germinating and growth of flax in presence of
Cd*" affected shoot growth and considerable differences were observed among flax varieties tested (Fig. 1),
as has been observed by others [1, 3, 5].

0,16
0,14
30,12
E) 0,1
2008
< 0,06
f 0,04
0,02
0
&P \?\@Z@@} &\Q{i@& \Y\\Q}’Z&z&; &o’; "}N«@o@(’i@*éboo“i‘»’?’&qéﬁ @;&{@ 5\@ 6‘(’1@6@; ‘5\\60@@2&@@@&0@?&%"@#» &\%@é@‘(-}@(\@o&@ &
{&\@} \(\#\ \;,\(2}53 \@\"\@%@ 5}%@ Pcp d cf-’& qﬂf’q Q@ %é\% A\
Q*'go © 2 5\90

Fig. 1. Fresh weight of flax varieties in absence (white columns) and presence (black columns) of cadmium
Data represent average values + SD (n=6)

Efficient defense needs energy resources. The functionality of photosynthetic apparatus is routinely
evaluated not only as an indicator of metal damage [7, 12, 5], but also as prerequisite to gain further
resources for active defense [13, 14]. Negative impact of heavy metals including cadmium has often been
described [5, 7, 8], though hermetic effects at lower metal concentrations have also been reported [15]. The
sensitivity of flax varieties, especially during germination, therefore, might be crucial for plant performance
and subsequent remediation potential. The flax varieties indeed exerted considerable variance in total
chlorophyll as well as carotenoid contents (Fig. 2).
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Fig. 2. Tolerance indexes to cadmium calculated for sum content of chlorophyll a and b (triangles),
as well as carotenoid content (squares) of flax varieties
Average values (n=6); SD for clarity not shown

Tolerance mechanisms against cadmium are quite well described, especially for some model or crop
species. Of these, chitinases have been studied in more detail in soybean or some other species [7, 8, 16].
Though chitinase activation in presence of Cd*" has been reported [5], the chitinase gene family in flax has
been described only partially [9]. As flax genome is available, we screened it using a keyword to identify
gene family members. We identified 69 chitinase genes, of which 32 encoded proteins with a GH 18 family
domain; these genes have not been extensively described in the literature. A total of 37 genes encoded
proteins with a GH 19 family domain, corresponding to chitinases previously identified and described by [9].
Apparently, the size of this gene family is larger than that of Arabidopsis (23 genes) [17], while whole
genome duplication event is likely responsible for the gene family enlargement. In silico analyses revealed
variable molecular weights ranging from 8.1 to 50.3 kDa, with a comparable distribution of acidic and basic
isoforms (28 and 32, respectively), while the remaining isoforms had a neutral pl. The family members we
grouped into different classes using Clustal Omega programme (Fig. 3). Contribution into certain chitinase
class indicates possible function; the class I and II chitinases (family GH19) have been mostly reported as
enzymes responding to stress conditions.
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Fig. 3. Cladogram of 69 chitinase sequences from flax and S chitinase sequences from Arabidopsis
(with red letters) generated by "default" conditions of Clustal Omega
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The classification of chitinases from flax is consistent with previous findings of high sequence
relatedness of class I and II and IV chitinases, respectively. Duplication of the genes may have allowed
adaptive changes in function. Previously, the evolutionary divergence of specific classes of chitinases was
attributed to coevolution with pathogenic fungi [18]. In addition, tandem duplication of chitinases, as it were,
could also occur together with other defense-related proteins as a mechanism leading to evolutionary
novelty [19]. Chitinase expression in flax has been studied in few varieties and showed variation in certain
isoforms [5]. Whether these isoforms are indeed important for flax tolerance to metal toxicity at early stage
of development remains to be elucidated. Considering that meta toxicity causes dehydration, oxidative stress
and membrane damage, involvement of chitinases (albeit indirectly) in seedling tolerance likely contributes
to plant ability to withstand soil pollution.

4 Conclusions

Flax exhibits significant variability in its morpho-physiological parameters related to cadmium
tolerance, with chitinases likely playing a key role in this process. The chitinase gene family in flax is
notably larger compared to other species, suggesting that this expansion may be linked to its adaptive
response to environmental stress, including heavy metal exposure. Chitinases, which are involved in plant
defense mechanisms, seem to contribute to the enhanced tolerance observed in some flax varieties, making
them a focal point for future research aimed at improving cadmium tolerance through selective breeding, but
also flax use in soil remediation programmes.

Acknowledgements

This work was supported by research grants APVV-15-0051 and APVV-21-0504. RH was supported
by project from the Research Support Fund at the University of Ss. Cyril and Methodius in Trnava number
FPPV-59-2024 (in frames of Early-Stage Grant No. 09-103-03-v05-00004, Recovery Plan scheme).

References

[1] Bjelkova, M., Gencurova, V., Griga, M. Accumulation of cadmium by flax and linseed cultivars in
field-simulated conditions: A potential for phytoremediation of Cd-contaminated soils. Industrial
Crops and Products, 33, 2011, p. 761-774.

[2] Praczyk, M., Heller, K., Silska, G., Braniecki, P. (Linum usitatissimum L.) genotypes cultivated for
medicinal purposes. Herba Polonica, 61 (1), 2015, p. 19-30, do0i:10.1515/hepo-2015-0007.

[3] Angelova, V., Ivanova, R., Delibaltova, V., Ivanov, K. Bio-accumulation and distribution of heavy
metals in fibre crops (flax, cotton, hemp). Industrial Crops and Products, 19, 2004, p. 197-200.

[4] Douchiche, O., Chaibi, W., Morvan, C. Cadmium tolerance and accumulation characteristics of
mature flax, cv. Hermes: Contribution of the basal stem compared to the root. Journal of Hazardous
Materials, 235-236, 2012, p. 101-107, https://doi.org/10.1016/j jhazmat.2012.07.027.

[5] Pavlovicova, M., Gersi, Z., BardaCova, M., Ranusova, P., Hornik, M., Matusikova, 1. Variable
accumulation of cadmium in flax (Linum usitatissimum L.). Nova Biotechnologica et Chimica, 19 (1),
2020, p. 70-79.

[6] Metwally, A., Finkemeier, 1., Georgi, M., Dietz, K.J. Genotypic variation of the response to cadmium
toxicity in Pisum sativum L. Journal of Experimental Botany, 56 (409), 2005, p. 167-178, ISSN 1460-
2431.

[7] Mészaros, P., Mojzis, J., Lacko-Bartosova, M. Cultivar-specific kinetics of chitinase induction in
soybean roots during exposure to arsenic. Molecular Biology Reports, 40 (3), 2013, p. 2127-2138,
ISSN 1573-4978.

[8] Mészaros, P., Jarekova, L., Lacko-BartoSova, M. Plant chitinase responses to different metal-type
stresses reveal specificity. Plant Cell Reports, 33 (22), 2015, p. 1789-1799, ISSN 1432-203X.

[9] Mokshina, N., Gorshkova, T., Deyholos, M.K. Chitinase-like (CTL) and cellulose synthase (CESA)
gene expression in gelatinous-type cellulosic walls of flax (Linum usitatissimum L.) bast fibers. Plos
One, 9 (6), 2014, p. 1-11, ISSN 1932-6203.

[10] Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes.
Methods in Enzymology, 148, 1987, p. 350-382, https://doi.org/10.1016/0076-6879(87)48036-1.

[11] You, F.M,, Jia, G., Xiao, J., Duguid, S.D., Rashid, K.Y., Booker, H.M., Cloutier, S. Genetic variability
of 27 traits in a core collection of flax (Linum usitatissimum L.). Frontiers in Plant Sciences, 8, 2017,
p- 1636, doi:10.3389/1pls.2017.01636.

195



[12]

6" International Scientific Conference on Biotechnology and Metals

Zivéak, M., Olsovska, K., Slamka, P., Galambogova, J., Rataj, V., Shao, H.B., Bresti¢, M. Application
of chlorophyll fluorescence performance indices to assess the wheat photosynthetic functions
influenced by nitrogen deficiency. Plant Soil and Environment, 60 (5), 2014, p. 210-215,
doi:10.17221/73/2014-PSE.

George, S., Aswathi, K.P.R., Puthur, J.T. Photosynthetic functions in plants subjected to stresses are
positively influenced by priming. Plant Stress, 4, 2022, p. 100079,
https://doi.org/10.1016/j.stress.2022.100079.

Zhang, F., Wan, X., Zhong, Y. Nitrogen as an important detoxification factor to cadmium stress in
poplar plants. Journal of Plant Interactions, 9 (1), 2014, p. 249.

Nascarella, M.A., Stoffolano, J.G. Jr., Stanek, E.J. III, Kostecki, P.T., Calabrese, E.J. Hormesis and
stage specific toxicity induced by cadmium in an insect model, the queen blowfly, Phormia regina
Meig. Environmental Pollution, 124 (2), 2003, p. 257-262, doi:10.1016/s0269-7491(02)00479-7.
Békésiova, B., Hraska, S., Libantova, J., Moravéikova, J., Matusikova, 1. Heavy-metal stress induced
accumulation of chitinase isoforms in plants. Molecular Biology Reports, 35 (4), 2008, p. 579-588,
doi:10.1007/s11033-007-9127-x.

Passarinho, P.A., de Vries, S.C. Arabidopsis chitinases: A genomic survey. Arabidopsis Book, 1, 2002,
€0023, doi:10.1199/tab.0023.

Tiffin, P. Comparative evolutionary histories of chitinase genes in the genus Zea and family Poaceae.
Genetics, 167, 2004, p. 1331-1340.

Bishop, J.G., Dean, A.M., Mitchell-Olds, T. Rapid evolution in plant chitinases: Molecular targets of
selection in plant-pathogen coevolution. Proceedings of the National Academy of Sciences of the
United States of America, 97 (9), 2000, p. 5322-5327.

196



Proceedings

197



6" International Scientific Conference on Biotechnology and Metals

BIOLOGICAL METHODS OF METAL RECOVERY FROM MINERAL WASTE
AND METAL-POOR ORES

Malgorzata Pawul’, Waldemar Kepys®, Malgorzata Sliwka®

“ AGH University of Krakow, Faculty of Civil Engineering and Resource Management, pawul@agh.edu.pl

Abstract

Treatment of the environment with the participation of microorganisms, especially autochthonous ones, is a method that
allows use of natural processes occurring in the environment. Bioremediation allows the removal of various pollutants,
including metals, using the specific abilities of microorganisms. In the environment, this process often involves specific
plant species (phytoremediation). Biological methods (bioremediation, phytoremediation) also allow the recovery of
metals from ores or waste by bioleaching or phytoextraction (hyperaccumulator). Biological methods of metal recovery
with the participation of microorganisms and plants, including phytomining, which fits perfectly into the extremely
current concept of the circular economy, will be discussed in the article.

Keywords: phytomining, bioleaching, phytoextaction, metal recovery

1 Introduction

With intensive economic development, the demand for metals, especially those used in modern
technologies, is increasing. Over time, metal ore deposits will become depleted and it will be necessary to
exploit poorer ores or look for new solutions to obtain the necessary raw materials. At the same time, huge
amounts of processing waste from metal ore mining, containing metals in low concentrations, are
accumulated in landfills. At present, these waste can be regarded as potential deposits, because technologies
to recover the metals they contain exist. For example, waste from the mining of zinc and lead ores is already
being reprocessed. Technology for reprocessing and reuse of post mining waste accumulated in settlers and
heaps continues to develop, enabling old landfills to be exploited in an economically viable manner. One of
the developing directions for extracting metals from mineral (post processing) waste or poor ores is
biomining, including phytomining. The use of biological methods allows metals to be extracted from waste
or ores containing very low concentrations of these metals. The use of microorganisms to extract metals in
practice has been known since the eighteenth century, when copper was extracted in this way from rocks in
Rio Tinto, Spain [6, 14].

The uptake of metals from a polluted environment by bacteria or plants is bioextraction. It is one of
the bioremediation processes. In the literature, you can also find the terms phytoextraction and
phytoremediation. These are narrower concepts and concern the use of various plant species to extract
pollutants from the environment (phytoextraction) or reduce toxic effects in another way [3].

Biomining (including phytomining) is a kind of extension of bioextraction (phytoextraction). Since
plants take metals from the environment and accumulate them in their bodies, it was assumed that these
metals could then be obtained from plants. This is not yet a widely used solution, but there are a number of
studies confirming that it is possible. Plants that grow well on a substrate rich in metals are called
metolophytes, if they take large amounts of metals from the substrate and accumulate them in their bodies,
they are called hyperaccumulators. Plants with such abilities are used in phytomining to obtain metals, e.g.
nickel, zinc, lead, cobalt, copper, selenium, silver and gold [5] and rare earth metals [8].

Phytomining can be used in cases where traditional processing methods, despite technological
progress, still cannot be used because the concentration of metals in the deposit is too low. In this case, post-
industrial waste, including processing waste and metal-contaminated soils [5], can be treated as the deposit.
Metals can also be recovered from other waste, such as used batteries, accumulators, electronic equipment,
sewage sludge and many others.

Considering the environmental aspect, this form of obtaining metals allows for their removal from
land and waste, and thus purifying the environment from toxic substances. It should also be remembered that
sowing the ground with plants protects the ground from water and wind erosion. Therefore, it is possible to
combine the reclamation of contaminated land with the extraction of metals [5].

The final stage of obtaining metals in phytomining is their separation from plant biomass. For this
purpose, biomass is burned and metals are recovered in metallurgical processes. In addition to
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hydrometallurgy or pyrometallurgy, biometallurgical processes (bioleaching) are also used here. In
biometallurgy, mainly bacteria and fungi from the chemolithotroph group are used [4].

This process can also be used on its own, without prior phytoextraction and combustion of biomass, to
extract metals from sewage sludge, industrial waste, waste concentrates, and poor ores.

Bioleaching is also used in bioremediation to remove toxic contaminants (including heavy metals)
from the environment. The process itself is the same, but its purpose is different.

2 Characteristic of hyperaccumulating plants

Hyperaccumulators are plants that have the ability to take up substances from the substrate in much
larger quantities than other plants and to accumulate these substances in plant tissues. In the case of
metallophytes, they take up and accumulate metals. It is important that the elements taken up from the
substrate should be accumulated in the above-ground parts of plants, because the above-ground parts are
collected and subsequently metals are recovered from them. The concentrations of the elements taken up and
accumulated in the tissues of hyperaccumulating plants are from 100 to 1000 times higher than in the tissues
of other plants [7, 11, 12, 15]. There are about 500 species of hyperaccumulators [whisker], most of them
have the ability to take up and accumulate nickel [5].

When describing the accumulation capacity of plants, several parameters are given. The first is the
content of a given element in mg/kg of dry plant mass. For each element that is taken up, threshold values of
its concentration in tissues are established, above which the plant can be considered as hyperaccumulator
(Table 1). The remaining parameters are bioaccumulation factor (BAF) and translocation factor (TF). BAF
determines the efficiency of taking up and accumulating a given element and is calculated as the ratio of its
concentration in the above-ground parts of plants to its concentration in the substrate. TF is the ratio of the
concentration of a given element in the above-ground parts of the plant to its concentration in the roots. The
higher the TF, the better the metal taken up is transported from the roots to the plant shoots and accumulated
there. In order for a plant to be considered as hyperaccumulator, both TF and BAF should have values above
1. There are documented cases when BAF ranges from a few to dozens [5].

Table 1 lists examples of hyperaccumulators for various metals. These include annual herbaceous
plants, perennials, shrubs and trees, including ornamental plants such as many species of alyssum [2, 5, &,
15]. Some of the hyperaccumulators have the ability to accumulate more than one metal. Examples include
Bereya codii or Allyssum murale (Fig. 1) which accumulate both nickel and cobalt [1].

Table 1. Selected examples of hyperaccumulator plants

Metal Hyperaccumulation Plant species Metal concentration
Threshold (mg/kg)* (mg/kg)*
Ni 1000 Alyssum baldaccii 1430-17670
Berkeya coddii 40-5800
Rinorea bengalensis 20,000-25100
Cd 100 Impatiens walleriana 1168
Pteris vittata 6434
Thlaspi caerulescens 380-7400
Co 300 Berkeya coddii 40-2116
Allyssum murale 2070
Buchnera henriquesii 404-930
Zn 3000 Brassica juncea 11700
Potentilla griffithii 11400
Thlaspi caerulescens 10000

*in the dry mass of the plant
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g. 1. llyssum murale
(photograph by Opiota J., Wikimedia Commons, licence: GNU Free Documentation License)

Plants used in phytomining should also have several other features:

- rapid growth and a large amount of biomass (the larger the amount of biomass is the greater the
amount of recovered element),

- high tolerance to the element taken up and other environmental pollutants,

- easy adaptation to new habitats (then the plant can be used, for example, in different climate zones),

- resistance to pathogens and pests,

- mechanisms that repel herbivores to prevent the introduction of toxic metals into the food chain [8,
9].

Since it is difficult to find plants that have all of these features, those that will work best in the given
conditions are used.

3 Stages of metal extraction in phytomining

The first step to obtaining metals in phytomining is to conduct soil tests for the concentration of the
desired metal and its bioavailability. Metals can be obtained from post-industrial waste, including processing
waste containing the desired metal. They can also be obtained from soils and land contaminated with a given
metal.

The next step is the selection and cultivation of appropriate plants (hyperaccumulators). If necessary,
appropriate agrotechnical procedures can be applied to increase of yields or increase of the bioavailability of
metals. Yield increases can be achieved by using appropriate fertilizers. Increased bioavailability of metals
can be achieved by regulating soil pH (acidification) or adding chelating compounds such as citric acid or
EDTA [5, 8, 9, 13]. Both the addition of acidifying substances (e.g. sulphates) and chelating compounds can
increase the BAF bioaccumulation factor [5] even several times.

The ability of plants to accumulate pollutants does not always go hand in hand with rapid biomass
growth. It is important to mention that there is research in genetic engineering to breed a plant that will have
both of these characteristics [8].

The collected plants (their above-ground parts) are burned. The concentration of metals in the ash
increases significantly. Ash rich in metals constitutes bio-ore. Metals are recovered from it using
pyrometallurgical, hydrometallurgical or biometallurgical methods. Pyrometallurgical methods refer to
traditional smelting of metals at high temperature. Hydrometallurgical methods consist in leaching of metals
from ash using leaching agents and then separating them from the solution. For this purpose, methods such
as ion capture, liquid separation, ion exchange, and electrochemical reduction can be used. Biometallurgical
methods have been developing in recent years and consist in the use of bacteria, fungi or algae to bioleach
metals from ash after burning the biomass of hyperaccumulating plants [4, 16].
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The bioleaching process involves the oxidation of hydrogen sulphide, sulphur or sulphur compounds
by microorganisms. As a result of this process, sulphuric acid is formed, the pH decreases and metals are
solubilized. From the oxidation process, microorganisms draw energy needed to synthesize sugars from
carbon dioxide and water (chemosynthesis). Another group of microorganisms can oxidize iron Fe+2 to
Fe+3, also obtaining energy from this process. Both groups of microorganisms are classified as
chemolithotrophs. This natural process is used in biometallurgy. Bacteria that can be used include
Acidithiobacillus thiooxidans (oxidize sulphur compounds), Acidithiobacillus ferrooxidans (oxidize iron).
Other species of the Acidithiobacillus family as well as bacteria from the Leptospirillum, Sulfobacillus,
Picrophilus families and fungi such as Penicillium, Aspergillus and Alternaria are also used in the
bioleaching process [10, 14, 16].

From the resulting solution, metals can be recovered by chemical reaction, e.g. electrolysis. In the
bioleaching process, metals such as Al, Zn, Cu, Cd, Mn, Ni, Sn, Co, Li, V, Mo, Au, Ag and Pt can be
recovered [4]. Bioleaching can be carried out in heaps or dumps, but then the substrate must be sealed and
the leachate collection system must be ensured. This process can also be carried out in bioreactors.

The bioleaching process can be used not only for the recovery of metals from ash in phytomining but
also as a stand-alone process for the recovery of metals from other wastes (e.g. flotation waste, used
batteries, electronic equipment, sewage sludge and slag from metallurgy). It is also used in the
bioremediation of contaminated soils [16].

Bioleaching is a low-polluting process, but it is not easy. To achieve high efficiency in bioleaching
metals, it is necessary to ensure appropriate process conditions, such as pH, temperature, redox potential,
presence of nutrients, substrate particle size and the ratio of the mass of solids to the volume of liquid (pulp
density) [16].

After harvesting hyperaccumulating plants, the soil should be re-tested for metal content to see if there
are enough to repeat the process. If so, the plants can be re-sown and another batch of metals can be
recovered from them.

4 Conclusions

Growing demand for certain metals and, at the same time, depletion of existing resources leads to
increased need for effective methods of metal extraction from poor ores, waste or contaminated soil. A
promising method that allows this is phytomining. So far, several hundred species of plants that are very
good at accumulating various metals from the substrate containing them have been identified. It is worth to
note that phytoming method may be used to extract elements from substrate with low concentration of metals
where other methods cannot be used.

In addition to plants, phytomining can use bacteria or fungi to extract metals from the resulting bio-ore
by bioleaching. This process can also be used on its own to leach metals from waste or soil containing them.

Biomining is a process considered environmentally friendly. The greatest advantage of this method is
the possibility of obtaining metals from a poor substrate, as already mentioned. It should also be remembered
that the use of biological methods instead of traditional mining and metallurgy allows for the avoidance of a
number of adverse effects on the environment. Additionally, it allows toxic metals removal from the
environment (usually from waste and soil). An additional benefit in phytomining is the thermal energy
released during the combustion of biomass.

During the extraction of metals by biological methods, pollutants are also produced, but in much
smaller quantities than in the case of traditional methods. During the combustion of biomass, pollutants such
as nitrogen oxides and sulfur oxides are released into the atmosphere. Carbon dioxide is also produced, but it
has been previously bound by these plants and does not constitute an additional load introduced into the
atmosphere. During the leaching of bio-ore, sewage and waste will be produced, and their type depends on
the method used. Biometallurgy is less burdensome to the environment than hydrometallurgy, but its
disadvantage is the long time needed for metal leaching. Despite this, the prevailing belief is that bioleaching
will be an alternative to chemical leaching [16].
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Abstract

Currently, we are observing rapid development of technology in the world, which results in an increase in production
and, at the same time, sales, among others, electrical and electronic devices. Emerging new technologies and the
globalization of the electrical and electronic equipment market result in a continuous increase in the amount of electrical
and electronic waste. The lifespan of electronic components, which at the end of the 20th century ranged from 4 to 6
years, was shortened to 2 years in the first decade of the 21st century. This waste is also an extremely valuable source of
many metals, such as copper, iron, zinc, tin, nickel, aluminum, gold, silver and palladium. An example is mobile phones
containing printed circuit boards (PCB) - carriers of many metals. The metals contained in PCBs can be present in much
higher concentrations than in conventional ore deposits, which makes waste printed circuit boards a particularly
interesting material for recycling. The process of recovering metals from these wastes is a combination of physical,
chemical, thermal and metallurgical processes. The main methods of recovering metals from PCBs are the
pyrometallurgical method and the hydrometallurgical method. However, no single approach is sufficient to successfully
recover metals, so it is better to perform the process using a combination of different extraction methods. The article
will discuss the main trends in the possibilities of recovering metals from PCBs from mobile phones.

Keywords: electronic waste, PCB, metal recovery, recycling

1 Introduction

Waste of electrical and electronic equipment (WEEE) such as computers, TV-sets, fridges and cell
phones is a complex mixture of materials, which can cause major environmental and health problems due to
their hazardous contents or not proper disposal. Total amount of produced WEEE reached 44 million tonnes
in 2017 and is assumed to increase about 4-5 % every year; in 2050 it is expected to produce about
3.4 billion tonnes of waste per year. The service life of electronic components, which at the end of the 20th
century was 4 to 6 years, was shortened to 2 years in the first decade of the 21st century [1]. The properties
of electronic waste, as well as its diverse composition, have caused it to constitute a significant part of the
stream of hazardous waste, which can pose a serious threat to human health and life, but also to the
environment. They contain toxic components, such as heavy metals (lead, mercury, cadmium and
chromium), polymers, organic materials, such as flame retardants, which contain bromine, chlorine, fluorine.
This waste is also an extremely valuable source of numerous metals, such as copper, iron, zinc, tin, nickel,
aluminum, gold, silver, palladium. Examples are mobile phones containing printed circuit boards - carriers of
many metals.

Nowadays, most electrical and electronic devices contain printed circuit boards. The metals contained
in PCBs can occur in much higher concentrations than in conventional ore deposits, which makes waste
printed circuit boards a particularly interesting material for recycling. Table 1 compares the concentrations of
selected metals (Cu, Sn, Zn, Pb, Fe, Ni, Au, Ag, Pd) found in printed circuit boards with the content of these
metals in ores [2-4].

The recycling of printed circuit boards involves many steps. Figure 1 shows a general flowchart of the
metal recovery process from these wastes using a combination of physical, chemical, thermal, and
metallurgical processes. No single approach is sufficient by itself for efficient metal recovery, therefore it is
beneficial to perform this process using a combination of different extraction methods.

The main methods of metal recovery from PCBs are: pyrometallurgical method [5] and
hydrometallurgical method [6]. Pyrometallurgy is a commonly used method of metal recovery, including
incineration, smelting in a plasma furnace or blast furnace, sintering, high-temperature melting of waste
materials. More than 70 % of PCB waste is processed in smelters without mechanical treatment.
Hydrometallurgical techniques largely include acid leaching, which is currently the most popular leaching
method and has many advantages, including high leaching rate and fast kinetics, but is quite corrosive. After
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leaching, various routes are used to separate metals from solutions - these include cementation, solvent
extraction, and electrolysis.

Table 1. Metal content in ores and PCBs

Metal content, %
Ores PCB
Cu 0.5-3.0 12.0-29.0
Sn 0.2-0.8 1.1-48
Fe 30.0 - 60.0 0.1-114
Pb 03-7.5 1.3-3.1
Zn 1.7-6.4 0.1-2.7
Ni 0.7-2.0 0.3-1.6

l Mobile phone scrap |

!

| Manual dismantling |
]

¥
| Size reduction |

!

Physical separation (gravity, magnetic, Non-ferrous
electrostatic, eddy-current separation. etc) fraction

' !

Hydrometallurgy Pyrometallurgy
Leaching and solvent purification Smelting 4

N v

| Electrometallurgy (el ectrowinning and/or purification) |

I

¥

i Base and precious metals (Cu, Au, Ag, Pd) i

Fig. 1. Schematic presentation of the main methods of recovering metals from PCBs

2 Material and methods

Used mobile phones from various manufacturers, obtained from the domestic market, were used as
research material. After their disassembly and PCB fragmentation, the chemical composition was determined
using ASA. The chemical composition is presented in Table 2.

Table 2. The chemical composition of the studied PCB
Metal, wt.%

Cu Fe Sn Zn Ni Pb
31.97 2.90 2.47 0.31 0.91 0.34

Based on the results of previous own studies [7, 8], the following were selected for the metal recovery
studies from the crushed PCB:
* sulfuric acid (VI) as a medium for effective leaching of Fe and Sn,
« nitric acid (V) and oxidants (H,O,, O3) for the extraction of Cu, and other metals from PCB (Zn, Ni, Pb),
* process temperature 298-353 K.
The subsequent stages of the studies were presented in the form of a block diagram - Fig. 2.
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Fig. 2. Scheme of the conducted research

3 Results and discussion

Figure 3 shows the results of two-stage leaching of Cu, Fe, Sn, Zn, Ni and Pb from PCBs. In the first
stage, 100 % of tin and practically 89 % of iron were leached. In the second stage, practically 100 % of the
remaining metals were leached, except for lead. The efficiency of the metal leaching process is significantly
influenced by the addition of an oxidizing agent. When using H,O, and Os, a common trend of intensive
increase in the concentration of Cu and Pb in the solution during the tests is visible. However, a clear
intensification of the leaching process of these metals occurs when using ozone. The use of two stages and
the indicated leaching agents and other parameters such as temperature 298-353 K, S/L=1/10, 400 rpm,
allows for over 90-100 % recovery of all metals from this waste.
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Cu Fe Sn Zn Ni Pb

Fig. 3. Results of two-stage leaching of Cu, Fe, Sn, Zn, Ni and Pb from PCBs

4 Conclusions

Laboratory tests in the field of hydrometallurgical processing of printed circuit boards have a wide
spectrum of activity. Various leaching methods can be found in scientific publications, such as acid, alkaline,
pressure and oxidative leaching. Individual metals cannot be obtained in one step, hence the authors of
various works use multi-stage processing of these wastes, using a mixture of various acids and oxidant
additives. In the first stages, it is possible to leach metals that do not require the use of aggressive reagents,
e.g. zinc and tin. In the next stages, it will be mainly copper leaching with the addition of oxidants, and in the
last stage it will be mainly precious metals.

Generally, the process of recovering metals from PCBs is a complex and complicated process, mainly
due to the heterogeneity of the material and the possibility of individual elements influencing the chemical
reactions between metals and acids, sometimes a given reaction is inhibited by the occurrence of coexisting
reactions blocking, for example, further leaching of a given metal.
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Abstract

Due to growing application of silver nanoparticles in various fields in the recent years, we face increased contamination
of all ecosystems. However, we do not understand the real effect and risks of nanoparticles for human body as well as
environment, yet. In the article we have studied stability of biologically produced nanoparticles in the presence of
higher NaCl concentrations and under temperature in range of -20 — 37 °C. The most significant effect resulting in high
instability of nanoparticles and extensive aggregation followed by sedimentation was observed for very low temperature
of -20 °C and elevated concentration of NaCl. From our results it is visible that to understand fate of silver
nanoparticles in the various environmental compartments, it is important to know their behaviour under various
environmental contamination.

Keywords: silver nanoparticles, biological production, stability, green algae

1 Introduction

Based on their unique physical, chemical and biological characteristics are silver nanoparticles
(AgNPs) very often used in various fields, such as medicine, drug delivery, material disinfection, electronics,
catalysis, agriculture etc.[1, 2]. However, their application results in the increase of silver concentrations in
all environmental components with serious impact on ecosystems [3]. To understand behavior of silver
nanoparticles in various environments, it is very important to predict their fate, including toxicity, in
ecosystems and consider risk their application can present.

Nanoparticles have high surface/volume ratio leading to very high surface energy leaving the colloid
solution in metastable state. To get to lower surface energy state (aggregation) energetic barrier must be
overcome. To stabilize colloid solution, sufficient energetic barrier that would prevent aggregation has to be
present [4]. Other way, how to stabilize colloid solution is sterical stabilization using various lyophilic layers
that would sterically stop the aggregation [5].

The aim of the article was to simulate effect of basic environmental conditions on stability of
biologically prepared silver nanoparticles. The first of studied conditions was temperature related to seasonal
temperature changes, increase of temperature in surface waters as well as stability of nanoparticles at human
body temperature. The second one was salinity as silver is known to precipitate easily with Cl" ions. The
human body as well as sea water environments were simulated.

2 Material and methods
2.1 Biological production of silver nanoparticles

Silver nanoparticles were prepared using the alga Parachlorella kessleri. Following a modified
procedure, an extract was prepared from the algae, after which an AgNO; solution was added to the extract
to achieve a final silver concentration of 100 mg/1 [6].

2.2 Temperature effect study

5 ml of solution containing biologically produced silver nanoparticles was pipetted into tubes and
placed into environment with -20 °C (freeze), 4 °C (refrigerator), 18 °C (laboratory cabinet), and 37 °C
(incubator) for 24 hours. Sample placed at 4 °C was used as control. UV-vis spectrum was measured at the
beginning of the experiment and at the end.

208



Proceedings

2.3 Salinity effect study
10 ml of biologically produced silver nanoparticles was pipetted into plastic tubes. Experiments were

carried out as triplicates. First set as a control without addition of NaCl, into second and third sets of tubes
0.09 g and 0.3 g of NaCl was added, respectively, and mixed. Resulting NaCl concentrations were as
follows:

Set 1 — 0 % (control)

Set2-0.9%

Set3 -3 %
Samples were stored at 4 °C for 24 hours. UV-vis spectrum was measured at the beginning of the experiment
and after 24 hours of experiments.

3 Results and discussion
3.1 Effect of temperature

Temperature is the most common factor affecting nanoparticles in the environment having significant
effects on their stability. Temperature in range of 4 — 37 °C has no effect on AgNPs stability leaving the UV-
vis spectrum without changes after 24 hours. However, very low temperature of -20 °C resulted in significant
changes in AgNPs solutions. Silver aggregates were visible in the bottom of the tubes, as well (Fig. 1).
Significant decrease of absorbance intensity and peak shift to higher wavelengths confirm nanoparticle
aggregation. MacCuspie [7] after freezing citrate stabilized silver nanoparticles observed their irreversible
aggregation. Similarly, Forbes et al. [8] studied effect of temperature on various nanoparticles stability. They
found that the most stable were nanoparticles at 4 °C, however, in temperature range of 4 — 37 °C for 14 days
significant changes were not observed.

1.4

152 B
0.8
0.6
0.4
0,2
0
-20 4 18 37

Temperature (°C)

—_

Maximum absorbance

HO m24

‘ Fig. 1. Sedimentation of silver after 24 hours at -20 °C (A), differences in maximum absorbance of silver
nanoparticles solution after 24 hours at various temperatures (B)

3.2 Effect of salinity

Based on chemical characteristics of silver, stability of nanoparticles in NaCl solutions was also
studied. The environment like human body was simulated by salinity 0.9 % equal to physiological solution.
Sea water environment was simulated by 3 % salinity. Significant changes of UV-vis spectrum were
observed immediately after addition of NaCl crystals into solutions (Fig. 2).

In solution with 0.9 % NaCl peak shift to lower wavelengths was observed suggesting reduction of
silver nanoparticles size or aggregation and sedimentation of larger nanoparticles and only small
nanoparticles stayed in the solution. After 24 hours reduction of absorbance intensity and sedimentation on
the tube bottom were observed, as well.
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Fig. 2. Differences in maximum absorbance of silver nanoparticles solution
after 15 minutes and 24 hours at various salinities

In 3 % NaCl solution, absorbance reduction was more significant with fast sedimentation of
nanoparticles on the tube bottom. Changes of color in AgNPs solution were visible macroscopically from
yellow brown to light yellow. The higher NaCl concentration, the faster sedimentation was observed (Fig. 3).
Similarly, Levard et al. [9] found that CI” ions react with surface atoms of AgNPs resulting in solid AgCl
precipitation. Reaction rate depends on NaCl concentration. The higher the ClI/Ag ratio, the higher the
reaction rate. Chinnapongose et al. [10] found that concentration of NaCl higher than 0.1 % leads to AgNPs
instability. They suggested AgNPs agglomeration followed by sedimentation as the main mechanism
responsible for their instability in the presence of NaCl. On the other hand, Mokhtari et al. [11] observed that
living microorganisms were able to turn forming precipitates of AgCl back into AgNPs. Thus, the study in
real environments is necessary to understand the real fate of silver nanoparticles in sea water environment.

Fig. 3. Sedimentation and color changes of silver nanoparticles solution after addition of NaCl.
from left — control, 0.9 % and 3 % NaCl

4 Conclusions

Studying the effect of the environment on nanoparticle stability we found that temperature in range of
4 — 37 °C does not significantly affected their stability, although the best temperature for long term storage is
temperature about 4 °C thus keeping nanoparticles in refrigerator is the most suitable way of storage.
However, at -20 °C strong aggregation was observed with very low nanoparticles stability.

The presence of NaCl decreased stability of AgNPs. With increasing NaCl concentration, AgNPs
stability decreased, and fast aggregation was observed.
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Abstract

Commercial recycling of lithium-ion batteries (LIBs) often ends with the so-called black mass. This fine-grained
powder contains critical raw materials and economically important metals. Bioleaching can be performed to solubilize
most of the metals but the selective recovery of these metals still remains a challenge. In this study, phage surface
display (PSD) was used for the identification of promising metal-binding peptide candidates. In initial PSD
experiments, a plethora of peptides were screened, and promising peptides have been identified binding to nickel-,
cobalt- and manganese-ions. The peptides were analyzed according to their binding affinity to the corresponding metal
ions. First results indicate that these peptides can be used to selectively separate metal ions in aqueous solutions.
Attaching these newly identified peptides to a suitable carrier material will make it possible to extract the specific
metals from complex solutions like the spent lithium-ion batteries.

Keywords: selective metal recovery, metal-binding peptides, phage surface display, polymetallic waste streams

1 Introduction

The amount of electronic waste worldwide keeps on growing rapidly with a growth rate of 3-5 % each
year and is predicted to increase to 75 million tons by the year 2030. Electronic waste presents an attractive
secondary resource of many economically important and critical metals, but the recycling of this
heterogeneous waste is notoriously difficult [1]. Especially spent lithium-ion batteries (LIBs) often end up in
landfills whilst containing substantial amounts of critical metals such as Co, Ni, Mn or Li [2]. The recently
adapted EU Battery Regulation states that 65 and 70 % of Li-based batteries need to be recycled by 2025 and
2030, respectively. Additionally, 90 and 95 % of Co, Ni and Cu should be recycled by 2025 and 2030,
respectively [3].

Lithium-ion battery recycling results in a fine-grained active material which contains critical raw
materials such as lithium, phosphorous, cobalt, silicon, and graphite as well as nickel, copper, and
manganese. By applying bioleaching, these metals can be solubilized leading to the formation of acidic
polymetallic solutions (pH <3). However, the selective recovery of these metals remains a challenge due to
the high risk of co-precipitation of Ni*", Co*", Mn®", and Cu®" because of the similar solubility of their
hydroxides [4]. Peptides are highly sensitive and selective towards their target and recently, there is an
increasing interest in exploiting peptide-metal interactions for resource recovery processes. Metal-binding
peptides can be identified by using phage display technology. Within this method a random peptide library is
created and displayed on the surface of bacteriophages. This library can then be screened against a variety of
different targets, enabling the enrichment of peptides with a high affinity for the target [5].

In this study, metal ions were immobilized onto agarose beads and used as a target. To identify
peptides that bind strongly to the immobilized metal ions, several screening rounds were performed to enrich
for strong binders. Promising peptide candidates could be enriched for nickel-, cobalt-, and manganese-ions.
These peptides are further evaluated according to their selective binding properties. Preliminary results show
that these peptides can be used to selectively recover the metal ions from aqueous solutions.

2 Material and methods
2.1 Target preparation

For nickel and cobalt screenings, commercial agarose beads preloaded with the respective metal were
used. However, for manganese none such beads were available. Hence the loading of agarose beads with
manganese was performed according to the provider’s protocol. 6 ml of Purecube NTA Agarose suspension
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was washed 3 times with MQ-H,O followed by 3 washing steps with sodium acetate buffer (50 mM, pH
6.0). Afterwards, the washed beads were incubated with 6 ml of manganese solution (2.5 % w/v) at 22 °C for
2 hours at 950 rpm. After several washing steps with MQ-H,O and Tris-HCI buffer (20 mM, pH 7.5), the
metal loaded beads were resuspended in agarose storage buffer (pH 6.5) to yield a 50 % suspension and
stored at 4 °C.

The metal concentration on the beads was determined by ICP-OES. Briefly, 100 ul of beads were
incubated with 1 M HNO; at 70 °C for 1 hour. After centrifugation, an aliquot of the supernatant was sent to
a scientific partner for ICP-OES measurements.

2.2 Determination of phage concentration

For the determination of the phage concentration, titration experiments were performed. The standard
protocol was adapted to 24 well plates. Well plates with LB agar containing IPTG (50 pug/ml), Xgal
(40 ug/ml) and tetracycline (20 pg/ml) were prepared. LB media was inoculated with one colony of an
E. coli ER2738 plate and incubated at 37 °C, 200 rpm until an optical density (ODgo) of 0.5 was reached.
Appropriate dilutions of the phage solutions were prepared in LB media to ensure the possibility of counting
single plaque forming units. From each dilution step, 10 ul of phage solution were used to infect 200 ul of
E. coli culture. After 5 minutes, 10 pl of the infected E. coli solution was pipetted onto a well of the 24-well
agar plate and coated with 200 pl of pre-warmed soft agar. The plates were incubated at 37 °C overnight.
The next day, blue plaques were counted and the phage concentration was calculated.

2.3 Biopanning

Metal-loaded beads were washed with TBS-T buffer (pH 7.5), followed by incubation with the phage
library for 1 hour at 22 °C and 950 rpm. After that, the beads were washed again 10x with TBS-T buffer to
remove unbound phage. Different elution methods were performed to elute the phages from the beads. 10 pl
of each step (input phage and eluted phage) were kept for phage titration. The rest of the eluted phage was
used to infect an E. coli ER2738 culture (at an ODggy between 0.05 and 0.1) and the infected culture was
incubated at 37 °C for 4.5 hours. After that, the culture was centrifuged and amplified phages were
precipitated and purified from the culture supernatant.

After 3 rounds of biopanning, the eluted fraction was titrated onto a LB/IPTG/Xgal plate and
incubated overnight at 37 °C. 20 clones were randomly picked from this plate, phage DNA was extracted and
send for sequencing.

3 Results and discussion

The amount of metal that was loaded onto the NTA-Beads was determined via I[CP-OES (Table 1).
The amount of metal on the different beads is comparable and in range with values that other researcher have
reported after loading agarose beads with metals e.g. Matys et al. report 10.4 pg/mg bound nickel and
9 pg/mg bound cobalt [6].

Table 1. Metal ion concentration on the NTA-beads after loading
(Concentrations were determined via ICP-OES)

Metal ion pug metal / mg beads
Ni 8.72+1.53
Co 7.24+£0.02
Mn 5.20+£0.09

The titration results of the biopanning for manganese are presented in Figure 1. In this biopanning two
different elution methods were tested. First, phages were eluted with a low pH glycine-HCI buffer, followed
by direct incubation of the beads with an E. coli culture (biological elution). Both eluates were subsequently
amplified. The phage titer after amplification is similar for both different elution methods. This shows that
after the glycine elution there were still some phages attached to the beads that could be eluted with the
biological elution. The sequencing of selected phage clones showed different amino acid sequences of the
peptides.
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4 Conclusions

The here presented study aims to identify and characterize short peptides that bind selectively and with
high affinity to nickel-, cobalt-, and manganese-ions. To identify these peptides, an appropriate screening
method was set up using metal-loaded agarose beads. Biopanning rounds could successfully be performed
and different elution methods were tested. The identified peptides will further on be tested in batch studies to
preselect the most promising binders. The metal-binding capacity of these peptides will then further by
characterized by isothermal titration calorimetry.
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Abstract

The phenomenon of non-specific magnetoreception, or the perception of magnetic fields different from Earth's
geomagnetic field, remains largely unexplored with various theoretical mechanisms proposed. One of the most debated
potential mechanisms involves the impact of magnetic fields on mitochondrial metabolism. In this study, we
investigated this hypothesis using Saccharomyces cerevisiae yeast strains with (p') and without functional mitochondria
(p"). These strains were exposed to a moderately strong magnetic field (2.5 mT) for 24 hours.

Our experiments revealed that yeast with functional mitochondria exhibited a 30 % increase in growth under the 2.5 mT
magnetic field, whereas the p” yeast showed only an 18 % increase. The statistically significant differences between the
control and experimental groups highlight the critical role of mitochondria in magnetoreception. These findings indicate
that while mitochondria are crucial for detecting stronger magnetic fields, they may not be as important for magnetic
field detection. This underscores the complexity of non-specific magnetoreception.

Keywords: biotechnology, mitochondria, yeast, magnetoreception

1 Introduction

Nonspecific magnetoreception, the ability to perceive magnetic fields, leads to various biological
effects across all organisms. Exposure to magnetic fields can accelerate cell metabolism, alter reactive
oxygen species (ROS) levels, influence calcium concentration, and affect mitochondrial membranes and
enzymes. These fields are used in medicine for cancer treatment and have potential in biotechnology for
applications like stabilizing bacterial communities in wastewater treatment plants. However, the overall
impact of magnetic fields on biological systems remains underexplored.

Mitochondria are particularly susceptible to magnetic fields due to their large size, electron-
transparent matrix, and lower membrane potential [1]. ROS generation within a cell depends on factors like
cellular O, availability, redox state, respiratory rate, electron carrier concentration, mitochondrial inner
membrane potential, and post-translational modifications of respiratory chain proteins [2]. Magnetic field
exposure has been linked to changes in calcium uptake [3], ATP production [4], enzymatic activity [5],
mitochondrial respiration decline [6], and elevated ROS production [7]. Sun et al. [3] suggested that
extensive electron leakage from the mitochondrial electron transport chain could be a primary cause of
electromagnetic field-induced damage.

Four main effects of magnetic fields related to mitochondrial function include impacts on ion
transport, radical pairs and ROS, ATP production, and membranes. These effects may stem from
fundamental magnetic responses, potentially involving DNA damage and mitochondrial membrane
perturbation. Lednev et al. [8] proposed that weak microtesla and nanotesla alternating magnetic fields might
influence the spins of electrons or hydrogen nuclei in biological molecules. Changes in mitochondrial
function may account for many observed biological effects in earlier experiments [9].

Mitochondria exhibit rhythmic processes at radio wave frequencies [10]. These processes involve
reactions producing harmful superoxide anions, countered by enzymes like superoxide dismutase [11].
Magnetic fields might disrupt these processes, affecting energy flow and function [9]. Radical-pair processes
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in mitochondria might explain observed effects of low-frequency or static magnetic fields, suggesting a
mechanism for various biological phenomena. Static magnetic fields can also alter the oscillation of
electromagnetic fields, a phenomenon known as magnetic field modulation or coupling [12]. This effect
depends on factors like the static magnetic field strength, oscillating field frequency, and material
characteristics [13].

This study investigates the effects of intermediate static magnetic fields (2.5 mT) on yeast strains with
(p") and without (p°) functional mitochondria. The aim is to explore the role of functional mitochondria in
magnetoreception and its impact on yeast growth and survival.

2 Material and methods
2.1 Cultivation

Two yeast strains of Saccharomyces cerevisiae were obtained from Comenius University in
Bratislava, Slovakia: p+ (CML282, genotype: MATa, ura3-1, ade2-1, leu2-3,112, his3-11,15, trp1-A2, canl-
100, CMVp (tetR-SSN6)::LEU2) and p0 (CML282 without mtDNA). The yeast were cultured in liquid YPD
medium for 18 hours. Subsequently, 10 ml of the culture was transferred to 20 ml tubes and exposed to a
magnetic field generated by a coil (sample) or placed next to the coil in the geomagnetic field (control). After
24 hours of exposure, the samples were moved to the geomagnetic field for an additional 24 hours, along
with the control. All experiments were performed in triplicate in the dark at room temperature.

2.2 Magnetic field

The magnetic field was generated by passing an electrical current through a custom-made copper coil
(5 cm long, 1 cm wide) immersed in the cultivation media for 48 hours. The field's flux density (B) was
measured at the coil's center using a VEMA 04 fluxgate magnetometer with 2 nT/LSB sensitivity and a
1000 Hz sampling rate. The magnetometer was calibrated with a neural network-based method.

2.3 Analyses

Growth changes were assessed by counting cells in a Biirker chamber at specific time intervals: 0, 2, 5,
24, 26, 32, and 48 hours. Growth curves were constructed based on cell counts every two hours, except
during the night. pH and redox potential were measured using a multimeter (WTW™ inoLab™ 9630) at
three points: after culturing the initial culture, after 24 hours, and after 48 hours in the magnetic field.

3 Results and discussion
The yeast culture, with or without mitochondria, exposed to a magnetic field of 2.5 mT, exhibited
significantly greater growth stimulation compared to the control (Fig. 1).
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Fig. 1. The effect of a 2.5 mT magnetic field on the growth p0 and p+ yeast compared to the corresponding
control (*Difference is significant at p < 0.05)

We observed that the magnetic field had a more pronounced effect on yeast with functional
mitochondria (p*) compared to those without (p°). Specifically, p* yeast showed a growth increase of 6-31 %,
whereas p” yeast exhibited a 4-18 % increase. The cell density difference between p” and p° yeast was up to

217



6" International Scientific Conference on Biotechnology and Metals

10 %. Control cultures, regardless of mitochondrial presence, did not show significant differences in cell
density under laboratory conditions. These findings suggest that mitochondria enhance the ability of yeast to
detect and respond to moderately strong magnetic fields, affecting cellular metabolism.

Table 1. The effect of a 2.5 mT magnetic field on the growth properties of p+ and p0 yeast compared to the
corresponding control (shaded cell indicate significant difference according to double-tailed t-test)

Time Difference between p’ Difference between p*

(hours) and control p-value and control p-value
0 0 0
2 0 0
5 -1.7 0.1261 6.6 0.0331
24 16.7 0.0229 31.3 0.0036
26 18.1 0.0034 26.6 0.0125
32 16.2 0.0044 27.1 0.0058
48 4.4 0.0142 14.1 0.0004

This finding is novel, as only a few studies have focused on moderately strong static magnetic fields
(in the millitesla range) and there is a lack of data on how the absence of mitochondria affects yeast survival
and growth under static magnetic fields.

Previous research primarily examined alternating magnetic fields, revealing mostly negative impacts

on mitochondrial metabolism. Effects included extensive electron leakage from the mitochondrial electron
transport chain [14], increased intracellular ROS levels [15, 16], decreased mitochondrial respiration and
balance [5], and damage to mitochondrial DNA and calcium uptake [3]. These studies spanned a range of
electromagnetic fields, from weak low-frequency to radio-frequency.
Conversely, Luukkonen et al. [17] and Yamashita et al. [18] reported increased mitochondrial activity
following exposure to an alternating magnetic field (50 Hz, 100 mT). This increase was attributed to
extensive lipid peroxidation in SH-SYS5Y cell lines and enhanced mitochondrial respiration. Binhi's
biophysical model [19] explains this effect by suggesting that microtesla and nanotesla alternating magnetic
fields influence the spins of electrons or hydrogen nuclei in biological molecules. These models suggest that
the effective amplitude of the magnetic field influences radical-pair reactions, which may affect calcium
transport and ATP generation in mitochondria [9].

4 Conclusions

Our study sheds light on the role of mitochondria in the magnetoreception of Saccharomyces
cerevisiae under different magnetic field conditions. The data indicate that mitochondria are important for
the magnetoreception of moderately strong static magnetic fields (2.5 mT), as shown by the different growth
responses in yeast strains with functional mitochondria (p+) versus those without (p0). Specifically, p+ yeast
exhibited greater sensitivity to the magnetic field, with growth stimulation ranging from 6 % to 31 %,
compared to 4 % to 18 % in p0 yeast.

These findings highlight the complexity of magnetoreception, and the intricate role mitochondria play
in these processes. The mechanisms by which mitochondria and other cellular components detect and
respond to magnetic fields are not yet fully understood. This study emphasizes the need for further research
to clarify these mechanisms, especially the varied responses to different magnetic field strengths and
conditions. Gaining a deeper understanding of these processes is essential for advancing our knowledge of
cellular magnetoreception and its broader implications in biology and medicine.
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Abstract

The purpose of this study was to investigate the potentially toxic effect related of elements in city park soils from
Kosice, using biological tests (Phytotoxicity on Sinapis alba, acute and avoidance tests with the Dendrobaena veneta).
The three city parks were selected, namely soils from the city park Jazero, park Ani¢ka and park in Barca. Kosice, the
city in eastern Slovakia, is exposed to urban contamination sources such as municipal sphere, road traffic, and various
industrial sources (TEKO, U.S.Steel). Median concentrations Fe, Mn, Cu, Zn, As, Cr, Co, Ni and Pb, physicochemical
properties, granulometric distribution, bioaccumulation factor (BF) and correlation matrix of data were assessed in the
park soils. Exceeded toxic element concentration limits according to law No. 220/2004 coll. were in order of As> Cu>
Zn>Cr in park soils of the lake marked as 1La and 1Lb. The highest median concentrations were in the case As
approximately 3.5 times; for Cu of 2.7 times; and for Zn of 1.3 times; for Cr of 1.1 more than limit value. Similarly,
exceed median values of elements in park soils of the Anicka 2Aa and 2Ab, were in the order of Cr > Cu > Zn. The BF
was in the range 0.02-0.80 (p <0.05), indicating the easy translocation of Fe, Mn, Cu, Zn, As, Cr, Co, Ni, Pb into
earthworms tissues from the park soils. This study also described the changes of SOM, SOC in different soil depth also
before and after earthworm experiments. It was found that the soil organic matter (SOM) and soil organic carbon (SOC)
stocks decreased with increasing soil depth. SOM and SOC contents were significantly higher in topsoil according than
in subsoil. Using earthworm the SOM contents has doubled in some samples.

Keywords: park-soil, bioassay, toxic effect, potential toxic elements, organic matter

1 Introduction

With the rapid industrialization and urbanization during the last decades, urban environments have
been experiencing serious deterioration; especially industrial emissions have significantly polluted the
natural environments all the city parks. Consequently, health and wellbeing of urban residents are affected by
this deteriorated environment. As a neutral attribute of urban activities, urban surface soil is the primary sink
of all pollutants, including potential toxic elements (PTEs). Both natural processes, such as the weathering of
rocks, and human activity, such as industrial emissions, mining, and inappropriate waste management, can
release these toxic elements into the environment [1-3]. The main objective of this work was support the
interpretation of the eco-toxicological data and to enhance our understanding of potential ecological risk for
urban soil such as city parks in Kosice. The impact of PTEs (Fe, Mn, Cu, Zn, As, Cr, Co, Ni and Pb) on
human health varies depending on the particular element, its concentration, the length of exposure, and each
person's vulnerability. These elements can be easily transported from site to site by several atmospheric
activities, e.g., wind and runoff water. Consequently, they can accumulate on the topsoil by atmospheric
deposition, according to Hancul'ak et al. [4]. Elements can diffuse to urbanized environments from vehicle
emissions, traffic activities, industrial activities, and any other anthropogenic activities [5-6]. In recent
decades, with the emergence of various chemical pollutants and their entry into the food chain, concerns
about the increase in disease have increased; together with other variables has increased risk of cancers [7-8].
The soils with lower (sub-lethal) pollutant concentrations require more sensitive test methods such as
behavioral tests (Avoidance behavior response) in their risk assessment. An earthworm avoidance test has
potential advantages for study of evaluation of hazardous soils sites and proved as a quick approach to
determining the presence of contaminants. The earthworm (Dendrobaena veneta) takes up and retains metals
from soil containing of potential toxic elements. Earthworms are widely recognized for their ability to
enhance the decomposition of organic matter and play a critical role in nutrient turnover. Earthworm species
interact with each other in soils, but these interactions are poorly understood. Moreover, these key soil
organisms are influenced by abiotic soil components such as organic matter [9-11]. Phytotoxkit is an
alternative test procedure that enables determination of the biological effects of chemical compounds on
plants. Assessment of soil phytotoxicity is based on germination and seedling growth of the terrestrial plant
(mustard Sinapis alba) [12- 15]. The evaluation of urban soil organic matter and soil organic carbon storage

220



Proceedings

is important due to assess the urbanization impact on global carbon cycle [16-17]. Currently, the study of
SOC stocks in urban soils receives little attention, yet the urban environment has a unique set of specific
properties and processes (e.g. soil sealing, functional zoning, settlement history) that affect SOC stocks and
their spatial variability. From this point of view it is necessary to monitor SOM and SOC content. When
studying SOM and SOC in urban soils, it is essential to take into account that urban soils are created by
anthropogenic activities (e.g. physical disturbance, land-use and relevant management practices), causing
that the amount of SOC be substationally different from natural soils [18-20].

2 Material and methods
2.1 Soils and methods used

Samples of topsoil (0-10 cm) marked as (a), and subsoil (10-30 cm) marked as (b) were taken from 3
Kosice city locations, in year 2023 (Table 1). The three city parks were selected, namely soils from the city
park Jazero, park Anicka and park in Barca. The samples were from the localities: 1L a, b / park soil KoSice-
Lake, west (heating plant TEKO), 2A — a, b / park soil KoSice Anicka, north (recreation area, near the former
SMZ plant), 3B — a, b / park soil KoSice — Barca, south (the park is a protected zone with rare trees and lake
with aquatic flora and living faun; such as swans, ducks). A mixed (composite) sample of urban soils was
taken from 3 sampling areas within one location from the Kosice park. Mixed park soil samples were air-
dried, sieved to less than 2 mm. In all samples pH was measured with a potentiometric glass electrode in
H,O and KCI solution (ISO/DIS10390). For soil analyses were used control reference soil (CS-
MicroBioTests, Belgium). Granulometric analysis was performed using the instrument Mastersizer 2000E
laser diffraction particle size analyzer and sampling using Scirocco 2000 M dry feeder with automatic
detection, measuring range -0.02-2000 um. Total concentrations of potential toxic elements (Fe, Mn, Cu, Zn,
As, Cr, Co, Ni and Pb) were determined by the X-ray fluorescence spectrometry method (SPECRO XEPO 3,
range of elements Na (11)-U (92), scattering targets: Mo, Co, ALL,Os;, Pd, HOPG-crystal, X-ray lamp (type
VF50): Pd with Be window, resolution: 15 keV on line K, Mn). For the XRF analysis the 5g of homogenized
sample with 1 g of Clarinet micro powder C (CEREOX BM-0002-1) were used and then pressed under 15 t
to a pellet with a 32 mm diameter. The concentrations of elements in the D. veneta tissue were determined
after mineralization with a mixture of acids HNOs;/HF/H;BOs (5:2:20) in the system (MWS33, Germany) by
the atomic absorption spectrometry (AAS-Varian, Australia). C, H, N, S content was identified by an
elementary analyzer Vario MACRO cube (Elementary Analyses system GmbH, Germany) using a thermal
conductivity detector. A combustion tube was set up at 1150 °C and the reduction tube at 850 °C.
Sulfanilamide (C=41.81 %, N=16.26 %, H=4.56 %, S=18/0.62 %) was used as the C, H, N, S standard. For
estimating SOM the loss-on-ignition (LOI) method was used. For this purpose we used programmable
muffle furnace (LAC, s.r.0.). The results were based on soil dry weight. The certified-reference soil Eutric
Cambisols S-VM was used to validation of data. The concentration values of potential toxic elements in park
soils were compared according to limit values of Slovak soils N0.220/2004 coll. [21].

2.2 Experimental set up - phytotoxicity test

The phytotoxkit measures the decrease (or the absence) of the seed germination and growth of the
roots after 3 days (at 25 °C) of seeds exposure of higher plants to contaminated matrix in comparison to the
control soil. Ten seeds of each plant were positioned at the test plate on a filter paper placed on top of the
soil. The analyses and the length measurements were performed using the Image Tool 3.0 for Windows. The
bioassays were performed in six replicates. The percent inhibition of seed germination (ISG) and of root
growth (IRG) was calculated with the equation 1,

ISG/IRG = (A-B/A) x 100 (N

where A is the mean seed germination or root length in the control soil; and B is the mean seed germination
or root length in the test soil (mm).

2.3 Avoidance responses test

Earthworms are regarded as “soil ecosystem engineers” and play keystone roles in soil formation and
the decomposition of organic matter. As such, earthworms are widely recommended as model organisms for
monitoring soil quality and assessing the ecotoxicity of pollutants because they are sensitive to soil
contaminants [22]. Earthworm (D. veneta) avoidance tests were based on ISO 17512-1/2008 [23]. The test
containers were incubated at 20+2 °C and a 16:8 h light: dark photoperiod for 48 h. The tests were run in
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5 replicates. At the end of the test period the earthworms were counted in each side of the replicates. The
amount of earthworms counted was converted to a percentage of avoidance based on equation 2,
R (%)=({(C—-T)/N) x 100 2)

where R = avoidance; C = number of worms in control soil (CS); T = number of worms in each soil; N =
total number of worms. Thus, positive values account for avoidance of earthworms in test soil, while neutral
or negative responses represent indifference or preference of the test substance. The avoidance test with D.
veneta has numerous advantages (short test period, comparatively lower work expense, sensitivity at least
equal to that of the reproduction test) [24-25].

2.4 Statistical analysis

All data were analyzed using StatSoft, v.12.0 statistical software [26]. Data from 7 days acute tests and
avoidance behavior response tests were analyzed using the Pearson's matrix correlation. Bioaccumulation
factor (BF) were calculated according to (OECD, 2010), based on equation 3,

BF= ((Mywr) / (Ms)) 3)

where Myt = metal concentration in worm tissues; Mg = metal concentration in soil. The combination of
chemical measurements with the calculation of (BF) and r-Person matrix correlations can be a useful tool in
risk assessment.

3 Results and discussion
3.1 Potential toxic elements contamination and acid-base indicators

In study area according to the Reference Base for Soil Resources [27] and the Slovakia soil types [28]
the soil types were established as Anthrosols. The values of the park soils reaction measured on the Kosice
city area are listed in Table 1. The research showed that the investigated soils are neutral to slightly alkaline
(pH 6.9 to 8.2) — Barca, Lake and strongly alkaline (pH 7.7 to 8.9) - Anicka. The park soils Kosice - Anicka
were obtain of the near former magnesite plant (Slovak Magnesite Plant), therefore a soil reaction can move
above pH 8. The obtained pH data shows that with the depth of soil sampling the soil alkalinity is increased.
In the Table 1, there are the results of the median contaminant levels of used soils. Exceeded concentration
limits according to law No. 220/2004 coll. of toxic elements in park soils of the Lake (1La and 1Lb) were in
the following order: As>Cu>Zn>Cr. The highest median concentrations were in the case of As
approximately 3.5 times; for Cu of 2.7 times; and for Zn of 1.3 times; for Cr of 1.1 more than limit value.
Metal particles released during fuel combustion (heating plant TEKO) and other chemical compounds
present in exhaust gases can be deposited on the soil along roads, leading to the gradual accumulation of PTE
in these areas. Similarly, exceed median values of elements in park soils Anicka (2Aa and 2Ab) were in the
order: Cr>Cu>Zn in the case Cr of 2.0 times higher, Cu of 1.9 times, and Zn of 1.1times. The obtained data
shows the wide toxic element concentration ranges with the depth of soil sampling. Road transport can
significantly affect the accumulation of potential toxic elements in soil and plants, such as city parks. Traffic
seems to be one of the sources of these metals also, but the influence of other factors cannot be excluded.
The results of the median concentrations in the Barca park soils (3Ba, respectively 3Bb) were within the
limit values, even though according to Hanc¢ul'ak et al. [4], the main sources of pollution in 2021 were iron
and steel plants - U.S.Steel, Kosice for the Barca urban district.

Table 1. Selected properties and median contaminant levels of the soils

pH/Elements Limit 1L 2A 3B CS SS
Units a b a b a b
pH/KCI - 7.8 7.9 7.7 8.4 6.9 7.2 6.6 5.2
pH/H,0O - 8.1 8.2 8.3 8.9 7.7 7.9 6.5 5.7
Fe (%) - 4.2 4.5 3.2 2.9 3.4 3.1 0.2 0.8
Mn (%) 0.3 0.2 0.2 0.1 0.1 0.1 0.1 - -
Cu (mg/kg) 70.0 192.6 | 186.5 | 137.3 | 130.6 | 39.7 | 333 6.3 36.6
Zn (mg/kg) 140.0 179.1 | 165.0 | 158.4 | 138.1 | 141.6 | 110.3 | 7.9 | 102.9
As (mg/kg) 33.0 117.0 | 112.5] 20.7 | 214 | 104 | 113 - 5.2
Cr (mg/kg) 90.0 99.8 | 87.9 | 181.5| 108.0 | 79.3 | 68.8 | 53 48.3
Co (mg/kg) 20.0 159 | 13.2 | 156 | 21.2 | 22.0 | 17.6 - -
Ni (mg/kg) 60.0 59.8 | 539 | 539 | 53.1 | 57.8 | 53.5 | 19.5 | 26.2
Pb (mg/kg) 115.0 512 | 489 | 453 | 445 | 524 | 39.0 | 23.0 | 18.6

Limit of elements - law SR 220/2004, CS-Control soil, SS-Shop soil
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3.2 Phytotoxicity tests

The obtained results of the contact arrangement phytotoxicity (Fig. 1-2) showed that the city park soil
from Anicka (2Aa -52 % and 2Ab - 55 %) had more than 50 % inhibition of the seed germination and root
growth in the mustard S. alba compared to the control soil. Soil samples in the city parks Kosice Lake and
Barca (1La, 1Lb and 3Ba, 3Bb) showed growth inhibition percentage and of germination inhibition less over
than park soils from Anicka (2Aa and 2Ab), in the range of 25 % to 38 %. The transfer of potential toxic
elements within the soil-plant chain is a part of the biochemical cycling of chemical elements-it is an element
flow from nonliving to the living compartments of the biosphere. There are many factors that might have an
impact on this plant response. Since elements with similar physico-chemical properties may replace one
another in enzymatic pathways and receptor proteins, they compete for absorption, transport, and
accumulation. According to the author Fu et. al., knowledge of the ability of native wild plants to take up and
transfer metals is useful in screening for potential phytoremediation [29-31].

IRG (%)
1SG (%)

1 27

52

55

mila milb 02Aa 02Ab Dila ®ilb O02Aa O2Ab
m3Ba m3Bb WCS m3Ba M@3Bb WCS
Fig. 1. Average germination indexes ISG values Fig. 2. Average germination indexes IRG values
in city park soils, KoSice in city park soils, KoSice

3.3 Acute and avoidance responses tests

Table 2 shows the potential effect of toxic elements on earthworm’s mortality and correlation matrix
between toxic elements and acute mortality in the 7 days tests of (D. veneta). Low mortality effects were
recorded in the acute tests with D. veneta. The highest correlation coefficients among concentration of the
elements and mortality after 7 days bioassays, which ranged between -0.11 and 0.55, decreased in the order
As>Pb>Cu>Zn>Mn>Cr>Ni>Co>Fe for the soils - Lake (1La,b), (Table 2). In addition, Cu was significantly
positive correlated between acute mortality D. veneta and copper concentration and (r=0.48, p=0.05) for the
park subsoils Anicka (2Ab). The above results reflect that not only earthworms may be able to detect metals,
but in fact they may also change their behavioral response over time.

Table 2. Correlation matrix of the city parks soil among 7 days acute mortality tests (D. veneta)
and toxic element concentrations

(N=25) 1La 1Lb 2Aa 2Ab 3Ba 3Bb

M/7 day 1 2 1 2 2 2
Fe -0.21 0.20 0.45* -0.22 -0.27 0.25
Mn -0.29 | -0.15 0.08 -0.18 0.10 0.26
Cu 0.19 0.36 0.23 0.48* 0.40 | -0.46*
Zn 0.24 0.31 0.05 -0.13 0.32 0.26
As 0.55% | -0.28 0.12 0.34 0.19 0.25
Cr -0.17 | -0.26 | -0.44* 0.15 0.38 -0.25
Co -0.24 | -0.22 0.16 0.11 -0.18 -0.22
Ni 0.14 0.24 0.20 0.12 0.27 -0.33
Pb 0.38 0.11 0.16 -0.09 -0.17 0.14

(M) - absolute number of dead earthworms; acute tests of mortality after 7 days bioassays
*Correlations are significant at over 0.5 and - 0.5 levels

Bioaccumulation factor (BF) was calculated to determine the bioavailability of Fe, Mn, Cu, Zn, As,
Cr, Co, Ni, Pb in earthworms tissue for city park soils after 7 days bioassays (Table 3), based on equation 3.
The BF was in the range of 0.01-0.80 (p<0.05), indicating the easy translocation of these elements into
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earthworms from the park soils. Results were with statistical significance, within the treatments at p<0.05
level. The results of the Avoidance tests (A-test) and concentration of toxic elements in earthworm tissues
from the park topsoils and subsoils Lake (l1La,b) are in the same decreasing order
As>7Zn>Co>Cu>Ni>Pb>Cr>Fe>Mn. The obtained results indicate that the most accumulated elements were
As, Zn, Co and Cu, which may be a consequence of the heating plant TEKO. The results for the Anicka
(2Aa) topsoil are As>Pb>Cu>Ni>Zn>Co>Cr>Fe>Mn, and for the Anicka (2Ab) subsoils are
As>Pb>Cu>Ni>Zn>Cr>Fe>Co>Mn, it means that the topsoils and subsoils from the Anicka were preferred
most accumulated of elements As, Pb, Cu and Ni.

Values for the Barca (3Ba) topsoil are Cu>As>Fe>Zn>Pb>Co>Cr>Ni>Mn and for the Barca (3Bb)
subsoil are Cu>As>Zn>Fe>Pb>Co>Cr>Ni>Mn. The results from the Barca were observed the most bound
elements Cu, As, Fe, Zn of the topsoils and subsoils, which speaks of emissions influence coming from the
U.S.Steel plant, KoSice (Table 3). Several factors control the processes of mobility and availability of
elements; in general, they are of geochemical, climatic, biological, as well as of anthropogenic origin.

Table 3. Bioaccumulation factors for toxic elements in earthworm tissues
and park soils after 7 days bioassays

(N=30) 1La 1Lb 2Aa 2Ab 3Ba 3Bb
Fe 0.02 0.02 0.05 0.06 0.18 0.19
Mn 0.01 0.01 0.05 0.05 0.04 0.04
Cu 0.05 0.05 0.12 0.12 0.68 0.80
Zn 0.10 0.11 0.08 0.09 0.16 0.20
As 0.25 0.26 0.32 0.31 0.29 0.27
Cr 0.02 0.02 0.05 0.08 0.04 0.05
Co 0.05 0.08 0.07 0.05 0.05 0.06
Ni 0.03 0.03 0.12 0.12 0.04 0.05
Pb 0.02 0.02 0.17 0.17 0.05 0.07

Figure 3 shows avoidance responses of D. veneta in city park soils, KoSice. Zero mortality effects
were recorded in the tests of avoidance with D. veneta. The percentage of avoidance response of the
earthworms found in the double control was within the range -20 % to 70 % for all areas of the city park
soils Kosice, for after 48 h, based on equation 2. The significant (P<0.05) avoidance by D. veneta were 70 %
in soils La: depth 0-10cm, and 1Lb: depth 10-30cm were 40 %, KoSice-Lake, west (in near heating plant
TEKO). The highest concentrations of potential toxic elements such, as Cu, Zn, As, Cr (Table 1), were
recorded in these soil samples, also. The park soils in KoSice showed slightly cooperatively accumulation Cr,
As, Cu and Zn in avoidance behavior response, which speaks of the avoidance of the worms in studied soil
for the samples 1La, b; 2Ab and 3Bb. Only topsoils are 2Aa and 3Ba have R= -20 %, which means
indifference or soil preference.

Avoidance responses of D. veneta

20

-20 40

‘D‘lLa W 1Lb O2Aa O2Ab @m3Ba @3Bb |

Fig. 3. Avoidance responses of D. veneta in city park soils, Kosice

Metal particles released during fuel combustion (heating plant TEKO) and other chemical compounds
present in exhaust gases can be deposited on the soil along roads, leading to the gradual accumulation of PTE
in these areas. Several factors can influence potential toxicity PTE distribution, including natural processes,
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anthropogenic activities, and soil characteristics of the local urban park. Road transport can significantly
affect the accumulation of potential toxic elements in soil and plants, such as city parks. In the context of
metal pollution, the resistance of vulnerable individuals and their population maintenance plays important
roles in ecosystem stability, and related studies are necessary. Environmental monitoring and pollution
assessment on the whole city scale are highly important to figure out the contamination level and spatial
distribution of pollution. This information will be offer useful information to promote pollution control.

3.4 Granulometry, SOM and SOC characterization before and after earthworm experiments

Granulometric analysis performed on samples (200 um) confirmed the following three fractions
classified according to the CSN ON 736518: sand (100-2000 um) which represents 17.54-38.78 %, the
second silt (10-100 pm), which represents 54.23-69.31 % and the third fraction clay (<2pm) which
represents 4.80-13.14 %. From obtained granulometric results it is evident that the main fraction in all
monitored soils is silt. Silt fraction is the same or decreases slightly with decreasing depth.

For estimating SOM the loss-on-ignition (LOI) method was used because by this method it is possible
to measure organic matter and whereas usually organic carbon can be calculated using the SOM value [32].
For this purpose we used programmable muffle furnace (LE laboratory chamber furnace up to 1100 °C).
Before it the 5 g of samples were heated at 105 °C for 12 h to remove soil moisture, after that they were
combusted at 375 °C for 17 h. From these measurements we calculated SOM based on equation 4,

SOMio1 = (Wiosec - Wizsec) / Wigsec) x 1000 4)
where Wgsec and W3;soc are the soil weights after combustion at 105°C and 375°C, respectively.

Many works described for this purpose LOI at 550 °C [33-34], but we used LOI at 375 °C, because the
ignition temperature 375 °C is ideal considering minimizing the weight loss of the structural water of clay
minerals in the samples [32], and Pribyl [33] suggests that use of too low or too high temperature for LOI
can be impact the results of organic carbon estimation. Also, soil organic matter should be calculated based
on equation 5, created by Van Bemmelen (1890) [35]:

SOM (%) = SOC (%) x 1.724 (5)

According to Heaton [35], the conversion factor 1.724 usually underestimates the SOC. Conversion
factor may vary based of another factors of soils, from this point of view was conversion factor change to 2
according Pribyl [33] research of soils, so the new equation 6:

SOM (%) = SOC (%) x 2 (6)

When the SOM is established experimentally (in our case by LOI method), so after that the SOC is
possible to calculate from the following equation 7:

SOC (%) = SOM (%) /2 (7)

Table 4. Elemental CHNS; SOM and SOC in (wt. %) before and after earthworm experiments

Soil | Depth | C« | He | Ni= | Seo | SOMyor | SOCcale. [SOMpoiar)SOC catc.aE)
1L, 0-10 | 3.34 | 0.56 | 0.33 | 0.04 4.07 2.04 5.22 2.61
1L, | 10-30 | 2.80 | 0.55 | 0.30 | 0.03 3.45 1.73 4.13 2.07
2A, 0-10 | 2.68 | 0.66 | 0.32 | 0.04 3.33 1.67 3.69 1.85
2A, | 10-30 | 2.14 | 0.68 | 0.33 | 0.05 2.31 1.16 4.93 2.47
3B, 0-10 | 2.86 | 0.89 | 0.34 | 0.03 3.54 1.77 6.03 3.02
3B, | 10-30 | 2.00 | 0.75 | 0.29 | 0.03 2.83 1.42 5.27 2.64

*t-total; exp- experimental; LOI- loss-on-ingnition, calc-calculated from equation 3, 4,
AE-after earthworms experiments

Differences in SOM content between studied localities are associated with pH, soil depth, vegetative
cover and topographic position. SOM content before earthworms experiment were lower than SOM after
carthworms experiments. These points to the fact that the presence of earthworms not only reduced the
concentration of some toxic elements, but also increased the SOM content, thereby the quality of the soils
was increased.

4 Conclusions

The identification of pollution status is an essential step for assessing the potential impact of park soil
toxic elements pollution. Selecting a suitable method should be one of the most important aspects of toxic
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elements evaluation. The obtained results show that the samples from Lake (1La,b) were the most
contaminated, which is related to the fact that these samples were taken from the area closest to the source of
contamination (TEKO heating plants). The highest contamination was indicated by the results of XRF
analyses as well as ecotoxicity tests (Phytotoxicity, Acute and Avoidance responses tests with Dendrobena
veneta), which showed a positive correlation between the studied toxic elements and earthworm mortality.
Dendrobena veneta decrease the contamination in some samples and also increase their quality due to the
increased content of SOM after Dendrobena veneta experiments. All techniques and methods were used
mainly for park soil rapid screening. Obtained results can be used for further relevant research such as for
potential phytoremediation.
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Abstract

The ability of plants to remediate environmental pollutants such as nutrients, organic compounds, including petroleum
substances, NaCl and heavy metals, has been used in practice for the treatment of sewage, soil and chemically degraded
land, and in the biological reclamation of degraded areas. Phytoextraction also enables the recovery of metals from poor
ores and mineral waste (including post-flotation). The efficiency of metal recovery based on the phytoremediation
process can be additionally increased by using laser stimulation of plants (coherent light stimulation) to accelerate these
plants growth and increase the amount of biomass. This results in greater process efficiency. Preliminary research
related to the use of laser stimulation of plants (hyperaccumulators), in terms of increasing the efficiency of the metal
recovery process from mineral waste, poor ores and polluted areas (phytoremediation) will be discussed in the speech.

Keywords: laser stimulation, phytomining, phytoremediation, metals, mineral waste

1 Introduction

The ability of plants to remove pollutants from the environment is the response of these organisms to
stress factors, in this case pollutants present in the environment. The process of phytoremediation can
proceed by phytoextraction, phytodegradation, phytostabilization, phytovolatilization and even by
phytostimulation with the participation of soil microorganisms (plants stimulate the development of
microorganisms). From the point of view of the possibility of recovering metals from poor ores or mineral
wastes, the phytoextraction process is the most relevant. Phytoextraction involves the accumulation of metals
in plant tissues, and species with outstanding accumulation abilities are called hyperaccumulators.
Hyperaccumulators accumulate metals in amounts greater than 1 % (for Mn), for elements such as Co, Cu,
Pb, Ni, Zn in amounts greater than 0.1 %, and for Cd in amounts greater than 0.01 % of leaf dry weight. The
group of hyperaccumulators includes about 400 plant species. Their feature is the bioconcentration factor,
which should be greater than 1.

Methods to increase the accumulation capacity of plants are mainly related to genetic engineering,
carrying out agrotechnical treatments (irrigation, fertilization) and using non-toxic chelating agents. It is also
possible to use coherent light stimulation of plants to increase the growth of their biomass and more efficient
uptake of metals from the environment.

Coherent light in the visible radiation range, emitted by low-power lasers, has a significant effect on
bioenergetic processes in living organisms. The stimulation effect depends on the amount of energy
delivered, the time and method of irradiation (continuous or fractionated exposure) and the type of biological
material. The biostimulation effect is related to the absorption of low-energy-density coherent light by
specific biologically active compounds or cellular organelles, and the result can be a change in cell
metabolism [1-3]. Biostimulative effects are considered to be those in which the observed changes at the
cellular level are not a response to stress, since the absorbed radiation should initiate certain processes, but
must not cause tissue destruction. The characteristics of light emitted by lasers, such as its coherence and
polarization, allow better penetration into the tissues. The wavelength (color of the light), which depends on
the energy charge carried, is also of great importance in achieving the effect of laser biostimulation. It has
been shown, among other things, that helium-neon laser light He-Ne (A=632 mn), with a pink color, affects
cytochrome oxidase [4]. On the other hand, celadon-colored light (A=514 nm) emitted by the argon laser
influences the synthesis of nucleic acids (DNA), and thus stimulates plant cell division processes [5]. The
effect of biostimulation depends on the parameters of irradiation and the physicochemical state of the cell.
Light, depending on the length of the equivalent wavelength, is absorbed by a specific photoreceptor. The
choice of energy dose should depend on the type of tissue (thickness of layers and sensitivity), and the
duration of irradiation and type of exposure (continuous or intermittent) should be selected so that the
minimum dose initiating energy processes can be delivered. Also important are the cell's oxidation-reduction
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potential, ATP/ADP and ATP/NADP ratios, and physicochemical parameters such as pH, temperature and
external substrate supply [6].

The first work related to the practical application of laser biostimulation in agriculture was conducted
by Injuszin in the 1960s. Research conducted by his team in Kazakhstan showed the possibility of increasing
the yield of some cereal and vegetable species as a result of their pre-sowing irradiation with a helium-neon
laser. Stimulation also had the effect of accelerating germination and increasing the plants' resistance to
unfavorable environmental factors, making it possible in practice to move the crop border and increase crop
yields by about 20 % compared to unexposed plants [1, 7]. Further studies have shown that the effect of
biostimulation is greater in vegetable plants than in cereal plants. Experiments related to the agricultural
application of laser biostimulation are being carried out in many research centers, especially with a view to
increasing the germination and emergence of plants.

The ecological application of laser biotechnology, to optimize the natural processes that occur in the
environment was proposed by Dobrowolski [8, 9]. An experiment conducted on crops grown in industrially
polluted areas, found an increase in yields of potatoes (more than doubled) and flax. There was also a
several-fold increase in the iron content of irradiated potato tubers and a reduction in the content of lead
(0.95 mg/kg in the control group; 0.50 mg/kg in the experimental group) and copper (4.05 mg/kg in the
control group; 3.65 mg/kg in the experimental group) [10]. In contrast, flax seed showed an increase in zinc
content in plants exposed with the control group (469.2 mg/kg : 97.0 mg/kg). In experiments conducted on
the grounds of ZGH Boleslaw in Bukowno and Chelm Cement Plant, the effect of laser stimulation on
changes in the content of various elements in Salix viminalis, Salix acutifolia and Salix cv. Rapp was shown
to depend on the parameters of irradiation of the cuttings [5]. Further experiments conducted on willow
cuttings (different varieties) showed acceleration of rhizogenesis, shoot growth, resistance to unfavorable
environmental factors, including chemical pollution of soils [11]. Experiments conducted on various plant
species that can be used to form green belts along traffic routes showed the possibility of accelerating plant
growth, increasing the assimilative area of plants, increasing their resistance to pollution, and differences in
the accumulation of elements in plants with different stimulation parameters. The willow plant Salix
viminalis, after exposure of cuttings to argon laser (514 nm), showed a tendency to significantly increase
bioaccumulation of some elements. The accumulation of Cu, Cr, Mn and Fe in the biomass of the plants
increased by an average of twofold, while Zn and Pb increased by about 50 % compared to unexposed plants
[12]. Promising results were obtained after irradiation of different plant species used in phytoremediation
treatments. Coherent light exposure of plants such as Salix vminalis [13] and Phragmites australis and
Lemna minor resulted in stronger stimulation of their growth, biomass increase and, consequently, uptake of
biogenes and other elements [14-16].

2 Material and methods

In the preliminary experiment, two species of hydrophytes were used as metal-accumulating plants -
Duckweed (Lemna minor) and Yellow Iris (Iris pseudoaccorus). Selected species of plants are used in
hydrophytic wastewater treatment plants for removal of nutrients (N, P). The main objective of the
experiments was to evaluate the possibility of increasing the uptake of nutrients from wastewater by plants
exposed to laser stimulation. In addition, the plant material was analyzed for the content of selected metals in
the biomass.

Plants were planted under field conditions in identical ponds prepared for this purpose for three
growing seasons. The ponds were filled with an equal volume of municipal wastewater after mechanical and
biological treatment (from the Krakow Plaszow treatment plant).

A laser diode emitting light with a wavelength corresponding to pink color (A=660nm) with a power
of 21.9 mW, (energy density 2W/m?) (DLS) and an Ar argon laser type ILA -120 made by Carl Zeiss Jena,
emitting light with a wavelength corresponding to celadon color (A=514nm) with a power of 2ImW, (energy
density 4W/m”) (Ar) were used as coherent light sources.

Plants were irradiated from a distance of 20 ¢m, with the radiation beam incident perpendicularly on
the material. The optimal irradiation parameters were selected individually for each species (preliminary
experiments). Plants were irradiated as follows:

- Duckweed (Lemna minor), whole plants: DLS 3x3 s., A=660 nm; laser Ar 3x3 s., A=514 nm

- Yellow iris (Iris pseudoacorus), rhizomes: DLS 3x30 s., A=660 nm; Ar laser 3x30 s., A=514 nm
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Chemical analysis of the plant material, in terms of changes in the degree of accumulation of elements
in the control and experimental groups, was carried out by ICP-MS mass spectrometry and ASA atomic
absorption spectrometry.

At the end of each of the three growing seasons, the content of heavy metals zinc (Zn), nickel (Ni),
cadmium (Cd), lead (Pb) and the biogenic elements nitrogen (N) and phosphorus (P) in plant biomass was
measured.

A kit consisting of a Nikon Eclipse ¢6000 microscope with a module for visualization and processing
of microscope images, a Nikon DXM 1200 digital camera, a Nikon Coolpix 995 digital camera and Aphelion
image analysis software, version 3.0, was used to measure biomass growth.

3 Results and discussion
During the experiment, in the case of Lemna minior, significant differences were observed in the

condition of plants exposed to coherent light and in the control object (Fig.1).

b) ¢)
Fig. 1. Comparison of Lemna minor condition from different experimental groups

a) Plants irradiated with argon laser (514 nm), b) Plants irradiat,ed with laser diode (670 mn), ¢) Plants from control

group (Photo: M. Sliwka)

Plants irradiated with the argon laser had a larger leaf area, and no discoloration was observed on the
leaf surface. The largest biomass increase was observed for plants irradiated with a 660 nm laser diode
(Fig. 2).

16000000,00
14000000,00
12000000,00
10000000,00

8000000,00

Number of plants

6000000,00
4000000,00

2000000,00

0,00
2004 2005 2006

Fig. 2. Increase in biomass of duckweed in ponds in successive years of the experiment (2004-2006)
(green - argon laser, pink - laser diode, yellow - control group) [11, 15]

Based on the chemical analysis of the plant material, there was a twice-increased content of nitrogen
and phosphorus in the biomass of duckweed after it was irradiated with an argon laser compared to the
control group. The group irradiated with a laser diode (A=660nm), also showed a higher content of these
elements in the biomass, compared to the unexposed group of plants. In the case of yellow iris, no such
differences in nutrient element content were found in the biomass of the leaves.

Differences in the ability to take up nutrients from wastewater, may be due to the peculiarities of the
two species of selected hydrophytes. Duckweed is characterized by an increased ability to accumulate
nutrients compared to other hydrophytes, per unit of dry mass (luxury consumption).

232



Proceedings

Due to the content of metals such as lead, nickel, cadmium and zinc in domestic wastewater, as well as
their adverse effects on living organisms and ecosystems, the content of these elements in the biomass of
experimental plants was determined. The highest contents of Zn, Cd and Ni, in successive vegetation
seasons, were found in the duckweed control group and in the biomass of yellow iris, also from the
unexposed group. Elevated Pb content was obtained in the biomass of the duckweed in the argon laser-
stimulated plant group and in the yellow iris biomass from control group (Fig. 3, Fig. 4).

Zawartosc w biomasie

Ar DLE Ietr
B Cd [ug/z] B Zn [meg/s] @ Ni [ug'z] B Pb [ug's]

Fig. 3. Comparison of Zn, Ni, Cd and Pb content in biomass of Lemna minor
in different experimental groups at the end of the third growing season
(ktr - control group, Ar - argon laser irradiated group 1=514 nm, DLS laser diode irradiated group 1=660 nm) [15, 16]
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Fig. 4. Comparison of the metal content in the biomass of Iris pseudoacorus
in different experimental groups during the last growing season
(ktr - control group, Ar - argon laser irradiated group A=514 nm, DLS laser diode irradiated group A=660 nm) [15, 16]

Because hydrobotanical treatment plants are mainly used to treat domestic wastewater, it is advisable
to select the parameters of laser stimulation in such a way as to reduce the accumulation of metals in the
biomass of plants, thereby reducing the possibility of phytotoxic effects. The decrease in the ability to
phytoremediate metals may be particularly applicable to crops in highly contaminated areas.

The parameters of laser stimulation of the experimented plants were optimized to increase their
biomass growth, which also redirects to the uptake of nutrients. Analysis of metal content in the biomass was
an additional observation. The observed effect of laser stimulation on the degree of heavy metal
accumulation in the biomass of plants therefore provides a basis for the development of its optimal
parameters, in terms of increasing phytoaccumulation.

4 Conclusions

The results obtained allow us to formulate the conclusion that it is possible to experimentally optimize
the paramters of laser stimulation of hydrophytes, in order to increase their bioremediation capacity.
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Studies on the effect of coherent light on different plant species, show that laser biostimulation is non-

specific, stimulation parameters should be selected individually for each plant species. Appropriate selection
of such parameters as wavelength (radiation energy), energy density, as well as the time and method of
exposure (type of exposure), can contribute to increased germination strength, faster growth and increased
yield of stoned plants, as well as increased resistance to stress factors, such as environmental pollution and
low temperature.

An additional effect is also the effect of stimulation on the bioaccumulation of elements in plant

tissues, this is particularly promising for the possibility of increasing the effectiveness of environmental
cleanup treatments based on the phenomenon of phytoremediation, or in the biological reclamation of

degraded areas.
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Abstract

Arsenic (As) and antimony (Sb) are commonly occurring metalloids in the soils of mining sites and industrial areas all
around the world. Metalloids bind to mineral and organic fractions present in soils through various mechanisms that
influence their geochemical lability. The knowledge about geochemical fractionation of As and Sb is therefore crucial
in the process of environmental and health risks assessment. In this study, a sequential extraction procedure tailored
specifically for metalloids was used to identify individual fractions of As and Sb in soils. The results of the extraction
experiments showed that the average proportion of As bound to individual fractions decreased in the order: fraction
bound to amorphous Fe and Al oxyhydroxides (AFO) > specifically bound fraction > residual fraction > fraction bound
to crystallized Fe and Al oxyhydroxides (CFO) > non-specifically bound fraction. Relatively different behavior was
observed in the case of Sb, where the average proportion of Sb bound to individual fractions decreased in the order:
residual fraction > AFO =~ CFO >> non-specifically bound fraction = specifically bound fraction. The results showed a
rather small amount of the non-specifically bound and thus the most mobile and bioaccessible fraction of As (on
average 0.9 % of the total content (7.45 mg.kg™")) and Sb (on average 0.8 % of the total content (5.43 mg.kg'l)) in soils.
However, changes in environmental and geochemical conditions, as well as the influence of anthropogenic activities in
the future, may lead to the release of even more stable forms of As and Sb into the environment.

Keywords: metalloids, sequential extraction, mobility, bioaccessibility

1 Introduction

Trace elements, including metalloids As and Sb, are the key pollutants of environmental
compartments in areas with active or former mining activities. The main sources of contamination are
mining and smelting waste deposits and mine drainage. Deposited waste material is subjected to erosion and
weathering processes, which release these pollutants into the surrounding area. Composition of soils,
sediments and tailings, meteorological and climate conditions, natural processes and anthropogenic activities
as well as metalloids properties have a significant influence on their behavior in environment [1, 2].
Effective immobilization of both metalloids was noticed in solid matrices naturally rich in soil organic
matter, organo-mineral complexes and iron oxyhydroxides, such as goethite, hematite, ferrihydrite, tripuhyite
or magnetite [3-8]. Trace elements are bound to or released from soils by the means of various mechanisms,
such as adsorption/desorption, precipitation/dissolution, complexation or redox reactions that have a
significant impact on their geochemical stability and thus mobility and bioaccessibility [4]. In co-
contaminated soils, Sb is usually less mobile than As due to the stronger binding of Sb to solid particles and
a tendency of As to be effectively replaced by phosphate in the soil sorption complex [4, 9]. However,
opposite behaviour of Sb was reported by Almas et al. [10] who noticed effective but only temporary
bonding of Sb to iron-based particles due to the high geochemical lability of Sb. Moreover, Hockmann et al.
[11] consider Sb prone to mobilization in redox-variable environments and Dousova et al. [5] noticed higher
mobility of Sb as a result of more selective adsorption and slower reaction rate with lower binding energy of
Sb when compared to As. Depending on the oxidation-reduction conditions, As and Sb occur in the solutions
most often in the form of oxyanions with an oxidation state of 3+ (antimonite, arsenite) or 5+ (antimonate,
arsenate) [5, 12]. The sorption behavior of oxyanionic metalloids is different from the behavior of cationic
metals [4, 13]. Determination of total concentration of metal(loid)s in solid matrices does not provide
information about their mobility. Several single and sequential extraction procedures (SEPs) were developed
in order to evaluate the geochemical fractionation and lability of metal(loid)s in soils. Conventional
extraction procedures according to Tessier et al. [14], European Community Bureau of Reference (BCR)
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three-step sequential extraction procedure, toxicity characteristic leaching procedure (TCLP) [15] and their
various modifications are primarily suitable for cationic metals. However, these SEPs were also applied to
oxyanionic metalloids As and Sb [1, 16]. Wenzel et al. [17] do not recommend using SEPs designed for
cationic metals for anionic pollutants but developed SEP tailored specifically for oxyanionic metalloids
instead. Sequential extraction procedure according to Wenzel et al. [17] distinguishes 5 geochemical
fractions of oxyanionic metalloids: (1) non-specifically bound fraction, (2) specifically bound fraction, (3)
fraction bound to amorphous and poorly-crystallized iron (Fe) and aluminum (Al) hydrous oxides, (4)
fraction bound to well-crystallized Fe and Al hydrous oxides and (5) residual fraction. Although, SEP
according to Wenzel et al. [17] was primarily developed for As, the applicability of the procedure to Sb has
been tested and verified by several authors [1, 2, 18, 19]. The first fraction represents relatively easily
exchangeable and the most mobile and bioaccessible phase of metalloids, while the highest geochemical
stability is assigned to the residual fraction.

In this study, geochemical fractionation of As and Sb in highly co-contaminated soils and tailing
material was investigated applying the first four steps of the SEP [17] in order to assess the potential of
metalloids to migrate from soils into other environmental compartments.

2 Material and methods
2.1 Site description

The investigated area is an abandoned mining site located in the south-west of Slovakia in the Malé
Karpaty Mts. near the town of Pezinok. The environment at the site and surrounding areas is polluted with
As and Sb due to the pyrite-pyrrhotite and Sb ores exploitation and processing which took place from 1790s
until 1991. Tailings as the solid residue of ore processing and mine drainage flowing out from adits are the
two main and continuous sources of pollution at the site. The area has not been remediated yet but vegetation
was able to grow over the slopes of the tailings and on the surrounding soil.

2.2 Soil and tailing sampling and processing

Three composite samples from the depth 0-30 cm were collected. Two samples were forest soils (PK-1
and PK-3) and one sample was sampled from the slope of the tailing deposit (PK-2). Soil sample PK-1 was
collected approximately 20 m from the foot of the tailing deposit, being influenced by the mine water
drainage from Buducnost’ adit and partially by the run-off from the tailings. Sample PK-2 was collected from
the slope of the tailing deposit and was highly oxidized and weathered. Soil sample PK-3 was collected from
the area right under the tailing and therefore highly influenced by the run-off from the deposit. Samples were
air-dried, homogenized and sieved (@ 2 mm). Basic soil and tailing properties were determined as follows:
total organic carbon content (TOC) was determined according to the Turin in Nikitin modification; pH and
electrical conductivity (EC) were measured in 1:2.5 soil-to-solution (demineralized water or 0.01 mol.L™
CaCl,) ratio; water holding capacity (WHC) was determined according to Dugan et al. [20] and soil texture
was determined by the hydrometer method. Bulk chemical concentrations of metal(loid)s and major elements
in solid matrices were determined in a mixture of concentrated HNO;, HCI and HF assisted by microwave
total digestion [21]. Inductively coupled plasma optical emission spectrometer (ICP OES; Thermo Scientific
iCAP 7000) or inductively coupled plasma mass spectrometer (ICP MS; Thermo Scientific iCAP Q) were
used to measure dissolved concentrations of metal(loid)s and major elements in all solutions.

2.3 Sequential extraction procedure

The first four extraction steps according to Wenzel et al. [17] were carried out as follows: samples in
triplicates (1 g) were weighed in 50 ml PP centrifugation tubes and 25 ml of extraction reagents were added
sequentially (Table 1). After each extraction step the liquid phase was separated from the solid phase by
centrifugation for 15 min at 1700 x g and decanted. In order to prevent re-sorption/precipitation of metalloids
and carry over in the next extraction steps, the solution entrapped in the remaining sample was collected in
subsequent wash steps and combined with the corresponding extract. Solutions were filtered through
0.45 mm PES syringe filter into PP tubes and stored in a freezer (-20 °C) until analyzed by ICP-OES/MS.
The residue after the 4™ extraction step was not extracted as described by the SEP. The residual fractions of
As and Sb were calculated from the total dissolved concentrations of metalloids in soils.
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Table 1. Individual steps of the SEP

Step Extraction reagent Extraction conditions Wash step
1 (NH4),S0, (0.05 mol.L™") 25 ml; 4 hours shaking None
(20 °O)
2 (NH,)H,PO, (0.05 mol.L™") 25 ml; 16 hours shaking None
(20 °C)
3 NH;-oxalate buffer + oxalic acid (pH 3.25) 25 ml; 4 hours shaking 12.5 ml of NH,-oxalate
(= 0.2 mol.L"' Di-ammonium oxalate-monohydrate + in the dark (20 °C) buffer + oxalic acid (pH

oxalic acid dihydrate addition to adjust pH) 3.25); 10 minutes shaking in

the dark, 20 °C

4 NH;-oxalate buffer + ascorbic acid (pH 3.25)
(= 0.2 mol.L"' Di-ammonium oxalate-monohydrate +
ascorbic acid addition to adjust pH)

12.5 ml of NH4-oxalate
buffer + oxalic acid (pH
3.25); 10 minutes shaking in
the dark, 20 °C

25 ml; 30 minutes
shaking in a water bath
at 96 £ 3 °C in the light

3 Results and discussion
3.1 Characteristics of bulk soils and tailing material

Basic soil properties and total dissolved concentrations of As, Fe, S and Sb are listed in Table 2. Forest
soils PK-1 and PK-3 have slightly acidic pH, while much lower soil reaction of tailings PK-2 is probably
caused by the production of H,SO, solution due to the oxidation and weathering of sulfidic minerals
occurring in the material [22]. The tailing material PK-2 was characterized by sandy texture, relatively low
TOC content and thus the lowest WHC. On the other hand, very high WHC of the forest soil PK-3 could be
attributed to the high content of decomposing organic matter, such as fragments of leaves and branches. The
forest soil PK-1 has been constantly influenced by mine water drainage as well as by high groundwater level
that resulted in the formation of a gleyic fluvisol with higher content of clays. The total concentration of
investigated elements was extremely high in all three samples. The highest contents of As, Fe, S and Sb were
found in the tailing material PK-2 and were associated with primary minerals (pyrite, pyrrhotite,
arsenopyrite, berthierite, gudmundite), secondary and tertiary minerals (goethite, tripuhyite and ferrihydrite)
[6, 7, 23].

Table 2. Basic soil and tailing properties and bulk concentrations of selected elements

Sample PK-1 PK-2 PK-3
forest soil | tailing material | forests soil
pH (H,0) 6.7 3.41 6.54
pH (CaCl,) 5.93 3.3 6.01
EC (H,0) (uS.cm™) 161 2,360 265
EC(CaCl) (uS.cm™) | 1,963 3,710 2,070
TOC (%) 5.7 1.29 5.27
Sand (%) 47 76 69
Silt (%) 38 16 23
Clay (%) 15 8 9
WHC (%) 86 49 136
As (mg.kg™) 1,328 14,397 1,558
Fe (mg.kg™") 27,091 91,363 27,045
S (mg.kg™) 841 16,084 926
Sb (mg.kg™") 1,140 15,066 1,328

3.2 Geochemical fractionation of As and Sb in soils and tailing material

The average extracted amounts of As and Sb in % and in mgkg™ in individual extraction steps are
shown in Figure 1. Based on the results, the sorption behavior of As and Sb in the studied soils and tailing
material varied significantly. Differences in sorption behavior of metalloids could be explained mostly by pH
and redox dependent sorption and different structural ordering of As and Sb oxyanions and thus differences
in affinity for sorption sites [5].
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Fig. 1. Average extracted fractions of metalloids from the total concentrations in soils and tailing material
Values above the columns represent the average concentration of As and Sb in extracts in mg.kg”

3.2.1 Non-specifically bound fraction

The results (Figure 1) showed very low concentrations of both metalloids in the non-specifically
bound fraction that represents the most mobile and easily exchangeable forms of As and Sb. The non-
specifically sorbed As and Sb constituted of 0.03-1.8 % and 0.02-1.4 % of the total concentrations,
respectively. Non-specific sorption is reversible and is characterized by weak physical bonding such as
electrostatic coulombic interactions and formation of outer-sphere complexes [13, 17]. Sulphate anions tend
to sorb onto the surfaces of variable charge minerals, forming primarily outer-sphere complexes and thus
displace As and Sb anions from their sorption sites [1, 4]. Low extracted concentrations of As and Sb in
forest soils PK-1 and PK-3 could be attributed to the decreased ability of sulphate to compete for sorption
sites with arsenate and antimonate as the soil pH increases [9]. Jain and Loeppert [24] noticed strong
inhibition of arsenite sorption on ferrihydrite at acidic pH by sulphate. The tailing material PK-2 has acidic
pH and is rich in iron oxides including ferrihydrite, but concentrations of extracted As and Sb by the sulphate
solution were negligible indicating that both metalloids are retained by soil components mostly in a different

manner. Low concentrations of As and Sb in non-specifically bound fractions were reported also in other
works [1, 2, 3, 18].
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3.2.2 Specifically bound fraction

Specific sorption is characterized by the formation of stronger chemical bonds with a covalent
character and inner-sphere complexes. It is more selective and less reversible than non-specific sorption [4].
The solution of (NH,)H,PO, was able to extract slightly higher concentrations of As than the solution of
(NH,4),SOy in the previous extraction step. This might be explained by the similar tetrahedral structure of
arsenate and phosphate and their competitive behavior for the same sorption sites on mineral surfaces as
explained by Violante [9]. Wenzel et al. [17] suggested that phosphate was effectively extracting varied
proportions of the inner-sphere surface complexes of As. Violante et al. [25] found that arsenate was
effectively desorbed by phosphate from ferrihydrite that is a common mineral phase occurring also in soils
and tailings at Pezinok site [6]. The proportion of specifically bound As (10-17 %) was higher than the
proportion of Sb (0.12-1%), which is consistent with other studies [1, 18]. Antimonate has different
molecular structure and smaller charge density than arsenate and phosphate and was therefore attracted by
different sorption sites [5].

3.2.3 Fraction bound to AFO

The largest fraction of As (52-92 %) was associated with AFO while significantly lower
concentrations were noticed for Sb (27-33 %). Amorphous and poorly crystallized Fe oxides (ochres) in form
of rims and grains on primary minerals are considered very effective sorbents of both metalloids. The
enrichment of ochres by As and Sb varies with the type of mineral phase occurring in the environment.
Majzlan et al. [6, 7] previously reported that in Pezinok, ferrihydrite is the main constituent of ochres and an
effective scavenger of As, while Sb dominates in poorly-crystallized tripuhyite. High quantity of ferrihydrite
at the investigated site and rare occurrence of tripuhyite could explain different amounts of As and Sb in
oxalate extracts. Several authors reported that As, in general, has a greater tendency to bind to metal oxides
in comparison to Sb [5, 18]. Garau et al. [26] observed lower Sb aftinity towards ferrihydrite at pH 6 and 7,
while sorption of As was less pH dependent.

3.2.4 Fraction bound to CFO

Well-crystallized Fe/Al oxides such as goethite or hematite retained significantly lower amounts of As
(6-13 %) when compared with As associated with the AFO fraction (52-92 %). The proportion of Sb sorbed
by CFO ranged from 27 to 32 % and was similar to the proportion of Sb retained by the AFO phase. Most of
the crystallized Fe oxides are formed during the transformation or ageing of amorphous ferrihydrite [27]. As
a result of such transformation process, As can be desorbed from the sorption sites and thus mobilized [7].
On the other hand, during the transformation process, Sb can be incorporated into the structure of certain
CFOs [27]. Since the fraction of As bound to CFO was relatively low, it can be expected that minerals such
as goethite or hematite are not dominant phases in the studied soils and tailing material.

3.2.5 Residual fraction

Amounts of As and Sb associated with the residual fraction were in the ranges of 0-31 % and 33-40 %,
respectively. The highest content of Sb in residual fraction might be explained by the affinity of Sb towards
soil organic matter and sulfides [18]. The fraction of As and Sb associated with soil organic matter and
sulfides was not targeted by the used SEP. High content of TOC in forest soils (PK-1 and PK-3) and very
high content of S in the tailing material (PK-2) could explain the highest concentrations of Sb associated
with residual fraction. Significant association of Sb with soil organic matter and sulfur was reported by
several authors [5, 18, 28].

4 Conclusions

Based on the results of the SEP used in this study, it can be concluded that the geochemical behavior
of As and Sb was different. Arsenic was more mobile than Sb in the studied soils and tailing material. The
largest fractions of both metalloids were associated with more stable mineral phases. More concretely, As
was associated mostly with AFO (e.g. ferrihydrite), while the highest portion of Sb was associated with the
residual fraction (e.g. soil organic matter, sulfides or silicates). Despite low mobility and bioavailability of
both metalloids, changes in pH, redox potential and alteration of other environmental and geochemical
conditions might cause the release of even more stable forms of As and Sb and thus increase environmental
and health risks.
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Abstract

This study investigates the application of nanobubble (NB) technology in enhancing anaerobic digestion and
wastewater treatment processes. Nanobubbles, gas-filled cavities with diameters around 100 nm, possess unique
properties such as high surface area-to-volume ratios, negative zeta potential ({-potential), and prolonged stability in
liquids, making them highly effective in improving gas transfer, microbial activity, and pollutant removal. In a methane
digestion plant, oxygen nanobubbles significantly reduced hydrogen sulfide (H,S) concentrations by over 90 % while
slightly increasing methane yields. In a wastewater treatment plant, nanobubble aeration increased dissolved oxygen
levels by 35 % and enhanced organic matter breakdown while reducing energy consumption compared to conventional
aeration systems. Despite these advantages, challenges such as sludge floating and the need for improved oxygen
delivery systems were observed. This research highlights the potential of nanobubbles in optimizing biogas production
and wastewater treatment efficiency, while also addressing some operational challenges that require further
investigation.

Keywords: nanobubbles, anaerobic digestion, wastewater treatment, oxygen transfer efficiency, hydrogen sulfide
reduction, microbial activity enhancement

1 Introduction

Water deficiency and pollution are pressing global issues, intensified by rapid industrialization and
urbanization, which have overwhelmed conventional water treatment processes. In response, NB’s have
emerged as a promising technology for enhancing water treatment and methane digestion. Defined as gas-
filled cavities with diameters around 100 nm, NBs possess unique characteristics such as high surface area-
to-volume ratios, negative zeta potential, and long stability in liquids, making them highly effective in
applications like wastewater treatment and methane production [1]. Unlike conventional macro- and
microbubbles, which quickly collapse, NBs persist in water, facilitating more efficient processes such as
flotation, aeration, and chemical-free oxidation [2, 3]. Their ability to enhance the removal of organic
pollutants, heavy metals, and improve aerobic and anaerobic digestion holds significant promise [4, 5].

However, there are notable challenges associated with NB technology. One key issue is the lack of
understanding regarding how NBs behave in complex water matrices, which can affect their efficiency [6].
Additionally, inconsistencies in the literature regarding the precise mechanisms of NBs, especially
concerning their stability and effectiveness, pose challenges to their widespread adoption [7]. Economic
viability and large-scale environmental impacts also remain underexplored, raising concerns about their
practical application beyond the laboratory setting [8].

This paper describes the unusual properties of nanobubbles in water, selected methods for their
production, and initial observations and conclusions drawn from the author's own research utilizing the
mentioned technology. The obtained results and observations address both the advantages and challenges of
applying nanobubble technology in wastewater treatment and methane digestion, providing insights into
future developments and potential solutions.

1.1 Key properties of nanobubbles

Nanobubbles exhibit unique physiochemical properties that distinguish them from larger
microbubbles, making them particularly interesting for a wide range of applications. Bulk nanobubbles, are
dispersed throughout solutions and are less likely to adhere to surfaces. They are characterized by their high
internal pressure, which is inversely proportional to their diameter. This results in a high internal pressure
that prevents the gas inside the nanobubbles from reaching equilibrium with its surroundings, leading to their
persistence despite expectations of rapid dissolution [9].
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One of the most remarkable characteristics of NBs is their extraordinary stability in liquids, which
defies classical thermodynamic principles. Conventional bubbles collapse within seconds or minutes due to
high internal pressure and gas dissolution into the liquid. However, NBs, due to their nanoscale size, remain
stable in solution for extended periods-ranging from days to months. Nirmalkar et al. [10] observed that NBs
retained their size for over 170 days, with no significant change in diameter. This stability is partly due to the
high zeta potential of NBs, which contributes to their ability to remain dispersed without merging [11].
Nanobubbles also serve as effective nucleation sites for crystal growth and can be loaded with surfactants to
modify their interfaces [12, 13]. Despite their small size, NBs exhibit high surface energy, which can lead to
significant changes in response to fluctuations in concentration or temperature [ 14].

Due to small size and large surface area-to-volume ratio NBs are enable to dissolve gases more
effectively into liquid media. For instance, Xiao and Xu [15] found that oxygen nanobubbles had 1.5 times
the mass transfer efficiency of larger bubbles, while Fan et al. [16] reported that ozone nanobubbles were 4.7
times more efficient. This property makes NBs highly beneficial for applications like water treatment, where
efficient aeration is crucial.

It’s worth mention, that NBs possess the ability to generate hydroxyl radicals (*OH), superoxide anion
radicals (O,7), and singlet oxygen ('O,). Mentioned reactive oxygen species are highly reactive and can
degrade pollutants or natural complex polymers (e.g. lignin), which makes NBs useful for advanced
oxidation processes. However, the exact mechanisms behind radical generation remain under investigation
[17].

1.2 Nanobubbles generation methods

The generation of NBs involves several methods, each affecting their properties and effectiveness for
various applications. Traditional methods for creating microbubbles have been adapted to produce
nanobubbles, aiming for cost-effectiveness, simplicity, and scalability in industrial settings.

One common approach is cavitation, which induces rapid pressure changes in a liquid to form vapor-
filled cavities. Hydrodynamic cavitation uses pressure drops and surface roughness to produce nanobubbles,
while acoustic cavitation relies on ultrasonic energy to create and collapse microscopic bubbles. The size and
concentration of nanobubbles produced by these methods depend on factors such as the dissolved gas
concentration and acoustic parameters [10, 18].

Venturi-type generators and ejector-type generators are specific implementations of cavitation
techniques. Venturi-type generators accelerate a two-phase flow through a venturi tube, causing
macrobubbles to shrink into microbubbles due to rapid pressure changes. This method is noted for its low
energy consumption and compact design, yielding a high density of microbubbles [19]. Ejector-type
generators use stepwise shrinking and enlarging liquid flow channels to induce cavitation, leading to
microbubble formation through self-suction of gas.

Other cavitation-based methods include gas—water circulation, where gas introduced into a vortex is
converted into microbubbles by disrupting the vortex, and pressurization followed by decompression, which
generates microbubbles from a supersaturated solution as gas escapes [20, 21].

Membrane-based methods involve injecting gas through porous materials to create nanobubbles. By
forcing gas through membranes with specific pore sizes, such as ceramic membranes with pores between 50
and 150 nm or porous-glass membranes, a range of bubble sizes can be produced. For instance, Shirasu-
porous-glass membranes have been used to create monodispersed nanobubbles with diameters ranging from
360 to 720 nm, demonstrating how pore size can influence bubble size [22, 23].

Electrolysis is another technique used to generate nanobubbles through electrochemical reactions at
electrodes. For example, alternating polarity electrolysis of water, using a Na,SO, solution and specific
electrode configurations, has been effective in producing bulk nanobubbles with controlled sizes. Voltage
pulses create nanobubbles with initial sizes of 60 to 80 nm, which may increase to around 250 nm after the
electrical pulses are stopped [24].

In conclusion, NBs hold considerable promise for advancing water treatment and methane digestion
due to their unique properties. In this context, mechanical cavitation methods and membrane-based
techniques offer the most promising advantages due to their effectiveness and scalability. Therefore, these
methods have been chosen for introduction to full-scale research.

245



6" International Scientific Conference on Biotechnology and Metals

2 Material and methods
2.1 Methane digestion plant research

The aim of this study was to evaluate the impact of introducing oxygen NB’s into the fermentation
liquid on the concentration of H,S in the produced biogas. To address the high and fluctuating levels of H,S
caused by substrate variability, a micro-/nano-oxygenation method was applied in the biogas reactor using
membrane technology.

The research was conducted at an agricultural biogas plant with a capacity of 0.99 MW, located in
southeastern Poland. The biogas plant primarily processes natural waste, including agricultural residues,
garden waste, waste produced by the food sector, and animal manure.

An injector with a specially designed ceramic sintered membrane was directly introduced into the
fermentation mass mixing system. The membrane had a pore size of 200-500 nm. Oxygen was supplied to
the membrane at a rate of 2-4 m*h. Biogas composition, including H,S content, was monitored for one year.

2.2 Wastewater treatment plant research

The aim of the study was to determine the impact of NB oxygenation on key wastewater treatment
parameters. Due to significant seasonal fluctuations in wastewater volume and a decline in treatment
efficiency, a NB oxygenation system was introduced. The research was conducted at a small municipal
wastewater treatment plant located in northern Poland. The plant is designed to treat domestic wastewater
generated by a nearby resort. Initially, the plant was equipped to handle a wastewater load expressed in terms
of equivalent population (EP) not exceeding 75, with a maximum wastewater flow (Qmax) designed at
1.5 m*h. A 2m*® Micro-Nano Bubble Generator (Qingdao Aozengnier Purification Equipment Co., Ltd),
capable of producing oxygen nanobubbles smaller than 100 nm, was implemented. The schematic of the
nanobubble aeration system is shown in Figure 1.

In presented studies, the performance of the original aeration system was compared with the new
nano-aeration system. Monitoring was conducted for parameters such as pH, Dissolved Oxygen (DO), and
RedOx potential at the wastewater inlet to the reactor and the RedOx potential of the effluent leaving the
aeration chamber. Each aeration system was monitored for two days using the CX-804 controller (Elmetron,
Poland) during the tourist peak season.

Fig. 1. Nanoareation system implementet in existing WWTP located in Bure Misie Foundation
(1) - nanobubble generator, (2) - monitoring and control device, (3) - recirculation pump, (4) - bioreactor,
(5) - wastewater inlet, (6) - wastewater outlet, (7) - pH, Red-Ox potential and dissolved oxygen probe,
(8) - Red-Ox potential probe, (9) - aeration pipes

3 Results and discussion
3.1 Anaerobic digestion
While methane (CH,) can be a valuable fuel when captured, its production through anaerobic digestion
often leads to H,S formation, which inhibits CH, production and requires removal for biogas applications,
such as electricity generation or natural gas replacement. Traditional post-treatment methods for H,S
246



Proceedings

removal, such as biotrickling filtration and chemical scrubbing, are effective but costly and generate waste.
Emerging strategies like substrate pretreatment and in-situ process regulation (e.g. microaeration) are more
cost-effective, reducing H,S formation and enhancing CH, production during anaerobic digestion [25].

As mentioned earlier, NBs play a significant role in enhancing anaerobic digestion by increasing water
molecule mobility. Their small size and high zeta potential facilitate nutrient delivery to biofilms and boost
microbial and enzyme activity [26]. NBs also generate radicals that improve the oxidative decomposition of
substrates by microorganisms [27].

In the present study, it was found that after one year of introducing oxygen in the form of micro-/nano-
bubbles, the H,S concentration in biogas was significantly reduced. The H,S concentration data is presented
in Figure 2. Regardless of seasonal substrate variations, H,S levels dropped from an average of 4000 ppmv
to approximately 100 ppmv. This reduction significantly improved biogas quality, which can extend the
lifespan of gas engines used for electricity generation in biogas plants [28].
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Fig. 2. H,S concentration fluctuations during one year of membrane aeration

Regarding biogas composition, it was noted that the CH,4 content in the biogas slightly increased, from
an average of 55 % during the initial days of the experiment to 62 %. As mentioned, the improvement in
biogas production efficiency and CH, content is likely due to the partial degradation of organic matter, which
facilitates biological breakdown.

Literature studies have demonstrated that NB’s can enhance the anaerobic digestibility of various
substrates. For instance, CH,4 productivity improvements ranging from 3 % to 40 % have been observed with
different gas types compared to controls. Air-NB creates a microaerobic environment that promotes the
growth of lignocellulose-degrading microbes and improves cellulose reduction more effectively than
CO,-NB [29]. O,-NB has also been shown to significantly increase CH, yields and reduce cellulose
crystallinity [30]. Moreover, NB’s improve enzyme activities involved in substrate degradation, such as
alkaline phosphatase and protease, which accelerates the conversion of macromolecules into volatile fatty
acids (VFAs) [31, 29]. Increased relative abundances of microbial communities such as Chloroflexi and
Bacteroidetes have been observed with air-NBs, which may enhance cellulose degradation. The presence of
Methanosaeta and Methanobacterium in NB reactors further supports enhanced methane production and
interspecies hydrogen transfer [29].

However, introducing NB technology in anaerobic digestion presents several challenges. While NBs
improve mass transfer, enhance microbial activity, and increase CH, production, their integration into
anaerobic systems requires careful balancing. One challenge is the potential for oxygen leakage into the
system, which could disrupt the strictly anaerobic conditions required for methane production. Additionally,
NBs can increase biofilm thickness, leading to operational issues such as clogging and reduced efficiency.
Managing these effects requires optimizing bubble size, injection rates, and reactor design to fully harness
the benefits without compromising the anaerobic digestion process.

247



6" International Scientific Conference on Biotechnology and Metals

3.2 Wastewater treatment

Aeration is crucial for delivering oxygen in wastewater treatment processes, though it accounts for 70-
80 % of the total energy consumption [32]. The efficiency of aeration depends heavily on dissolved oxygen
(DO) levels, which influence biological activity. Traditional aeration methods include shearing the liquid
surface with mixers or turbines and releasing air through various materials. Fine bubbles are more efficient in
oxygen transfer compared to coarse bubbles, owing to their lower interfacial velocity gradients [33].

Nanobubbles present a promising alternative due to their superior mass transfer efficiency and stability
compared to conventional coarse bubbles. They can improve aeration efficiency and reduce energy costs in
aerobic biological systems, such as biofilm and activated sludge reactors. Research by Xiao and Xu (2020)
demonstrated that air NBs have approximately 1.5 times higher oxygen diffusion coefficients than coarse
bubbles, enhancing microbial community dynamics and enzyme activity [15]. In comparison to conventional
fine bubble aeration, NBs result in higher oxygen concentrations, lower sludge production, and improved
organic matter decomposition [34]. Fine bubbles, combined with deep subsurface infiltration systems,
improve nitrogen and phosphorus removal, while NBs show superior performance in removing suspended
solids and nitrogen compared to bottom aeration [35, 36].

In the current study, a traditional aeration system generating coarse bubbles in the aeration chamber
was compared with a NB oxygenation system. Figure 3 illustrates changes in DO, pH, and RedOx potential
at the inflow and outflow of the aeration chamber over time when using the original blower installed at the
treatment plant. Figure 4 presents changes in these parameters with nanobubble aeration.
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Fig. 3. Changes in RedOx potential, pH, and DO during a 2-day experiment
with traditional coarse bubble aeration
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Fig. 4. Changes in RedOx potential, pH, and DO during a 2-day experiment with nanobubble aeration
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It was observed that the reactor was heavily loaded with organic matter, as indicated by the low
RedOx potential at the outflow and low DO levels. After introducing the nanobubble system, both RedOx
potential and DO levels increased almost immediately. However, after two days, the aeration chamber
remained overloaded. Notably, the NB system increased DO by an average of 35 %.

The original blower consumed about 60 m*h of air, while the NB generator required only 0.3 m?h,
with comparable energy consumption. This confirms that mass transfer efficiency with NB’s is significantly
higher. However, to meet oxygen demand in this treatment plant, a more powerful NB generator would be
necessary.

Literature studies have shown that air micro-nano bubbles are effective in treating wastewater from
various sources. For example, in sugar industry wastewater, air NBs reduced chemical OD by 85 %, total
suspended solids by 79 %, and removed 66.21 % of total coliforms [37, 38]. Xiao et al. (2021) found that
NBs increased the size and thickness of activated sludge and biofilm by 23.35 % and 86.67 %, respectively,
improving total nitrogen removal by 10.58 % [39].

Despite these benefits, there were some issues. Irreversible sludge floating and cloudier effluent due to
the proliferation of filamentous bacteria were observed, as noted by Yaparatne et al. [40]. Additionally, NBs
alone cannot provide the necessary shear stress to manage biofilm thickness. This suggests that combining
NB aeration with mechanical bubbling or optimizing reflux ratios is essential for achieving optimal
performance.

4 Conclusions

Nanobubble technology presents significant advantages in both anaerobic digestion and wastewater
treatment, primarily through enhanced gas transfer, improved microbial activity, and greater pollutant
removal efficiency. The introduction of micro-/nanobubbles in anaerobic digestion effectively reduced H,S
levels and can increase CH,4 production, offering a promising alternative to traditional H,S removal methods.
In wastewater treatment, NB aeration demonstrated superior oxygen transfer efficiency, reducing energy
consumption while improving water quality parameters. However, challenges such as maintaining the
anaerobic environment in methane digesters and managing biofilm growth in wastewater treatment systems
were observed. Addressing these challenges requires optimizing NB generator designs and aeration methods
to fully realize the benefits of this technology in large-scale applications. Further research is needed to
explore the long-term economic viability and scalability of NB’s for widespread industrial use.
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Abstract

This study is focused on green synthesis of iron bionanoparticles (Fe-BNPs) derived from grape pomace and grape
berries, and their subsequent application to remove the polychlorinated biphenyls (PCBs). Characterization of
biomaterial was performed solely with Fe-BNPs derived from grape pomace. Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) determined that the synthesized structure is in nanoscale (mostly up to
100 nm). The valence state of chelated iron in Fe-BNPs was monitored using Mdssbauer spectroscopy. The formation
of a doublet defined the majority representation of Fe (III) over Fe (II). Determination of the specific surface area with
nitrogen proved that Fe-BNPs from the grape pomace are a potentially effective sorbent with a specific surface area of
382 m.g" and containing mesopores. To verify the interaction of iron with polyphenols, the grape pomace extract itself
and then the extract after the addition of iron salt were measured using Fourier-transform infrared spectroscopy (FTIR).
A FTIR spectrometer recorded wavenumbers at approx. 2800 cm™ (aldehydes) and 1750 cm™ (carboxylic acids).
Application of Fe-BNPs from pomace achieved the highest degradation of the sum of 7 PCB congeners in 14 days
(62 %). The degradation results indicate a similar percentage decrease of PCBs (X 7 congeners of PCBs) when applying
Fe-BNPs from pomace and Fe-BNPs from grapes, thus this work is also based on the topic of food waste recovery and
circular economy.

Keywords: iron bionanoparticles, green synthesis, polychlorinated biphenyls, degradation, grape pomace, circular
economy

1 Introduction

Iron-based nanoparticles (Fe-BNPs) have gained significant attention in recent years due to their
potential for green synthesis and versatile applications, particularly in environmental and biomedical fields.
The natural abundance, biocompatibility, and advantageous redox properties of iron make it an attractive
material for nanoparticle synthesis, aligning with the principles of green chemistry that emphasize
sustainability and environmental impact reduction. Unlike more expensive and less sustainable metals, iron
is widely available and cost-effective, enabling large-scale production of nanoparticles suitable for diverse
applications, including pollution remediation and medical therapies.

1.1 Green synthesis

Green synthesis approaches utilize natural matrices such as plants, bacteria, fungi, and agricultural by-
products like grape pomace. Key parameters for the plant-based synthesis of bionanoparticles include the
choice of raw materials, reaction conditions, incubation time, and the resulting particle size and morphology,
which collectively determine their potential applications. In the preparation of plant extracts, specific plant
parts such as leaves, stems, flowers, and roots may be used individually, or the entire plant matrix containing
bioactive compounds can be employed [1]. The matrices involved in the synthesis should contain a certain
percentage of polyphenols, which are frequently highlighted in the literature as key components in
nanoparticle synthesis. However, lipids, proteins, vitamins, and various other organic molecules that contain
hydroxyl groups (OH-) also participate in the reaction [2]. Extract from these matrices interact with metal
salts to produce nanoparticles, with polyphenols and other bioactive compounds playing a major role in
reducing and stabilizing the metal ions.

When ferrous salts interact with polyphenols, they form networked complexes, as illustrated in Fig. 1.
Metal ions typically prefer octahedral geometry; hence, Fe*/Fe’* ions can associate with three catecholate or
gallate molecules, simultaneously reducing Fe’* to Fe*" ions. During metal reduction, polyphenols are
oxidized to semiquinone, which is protonated at low pH, leading to neutralization. Once the semiquinone
form of polyphenols is generated, it can further reduce additional Fe’* ions while oxidizing the semiquinone
to quinone. However, these reactions have been observed primarily at very low pH levels. At higher pH
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levels, around 7, these Fe’™ reduction processes are inhibited due to the formation of bis- and tris-polyphenol
complexes with iron. Both of these reduction mechanisms contribute to the antioxidant and prooxidant
activities of polyphenol molecules [3, 4]. These processes are pH-sensitive and contribute to catalytic
activities such as Fenton reactions, which generate reactive oxygen species (ROS) for pollutant degradation
[5]. This biocompatibility ensures the safe integration of Fe-BNPs into biological and environmental
systems, making them ideal for applications such as targeted drug delivery, catalysis, and the degradation of
environmental pollutants.
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Fig. 1. Illustration of the reaction mechanism of Gallates (R=OH) or Catechols (R=H) with Ferric Iron, leading
to the formation of an Octahedral Network Structure (Perron et al., 2009)

1.2 Characterisation of iron bionanoparticles

Characterization of synthesized bionanoparticles is essential for understanding their physicochemical
properties, such as size, shape, stability, polydispersity, and surface area. A visible colour change upon the
addition of metal salts to aqueous extracts often indicates nanoparticle formation, while the Tyndall effect in
colloidal solutions can confirm their presence [6]. Post-synthesis, nanoparticles are typically separated by
high-speed centrifugation and analysed using various advanced techniques. Key characterization methods
include both microscopic and spectroscopic techniques. Microscopic methods like atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) provide direct
imaging of the nanoparticles, revealing detailed morphological data. Spectroscopic methods, including UV-
VIS spectroscopy, dynamic light scattering (DLS), X-ray diffraction (XRD), energy-dispersive spectroscopy
(EDS), Fourier-transform infrared spectroscopy (FT-IR), and Raman spectroscopy, offer indirect insights
into nanoparticle composition, structure, and surface properties. UV-VIS spectroscopy detects optical
properties, while DLS measures particle size and surface charge. EDS maps elemental composition, and
XRD identifies structural characteristics, such as crystalline phases [7]. FT-IR and Raman spectroscopy are
used to analyse functional groups and surface interactions. This combined approach is crucial for accurately
defining the nanoparticles' physical and chemical attributes, enabling their effective application in various
fields.

1.3 Application of iron bionanoparticles

Recent studies have demonstrated the efficacy of Fe-BNPs derived from grape pomace in degrading
polychlorinated biphenyls (PCBs), achieving significant reductions in PCB concentrations. This application
highlights the dual benefits of utilizing waste-derived materials: promoting circular economy principles by
repurposing agricultural by-products and contributing to environmental remediation efforts [8]. The
integration of green synthesis methods for nanoparticle production supports the broader goal of sustainable
development, offering a pathway to more eco-friendly and cost-effective technologies for pollutant removal
[4]. Further research is needed to optimize these synthesis processes and expand the applications of Fe-BNPs
across various environmental and industrial challenges.

2 Material and methods
2.1 Green synthesis of iron bionanoparticles

Frozen crushed grape berries (5 g) were placed into a boiling flask, followed by the addition of
500 mL of distilled water. The extraction process was conducted in a water bath at a constant temperature
(80 °C) for 2 hours, using a magnetic stirrer with a heating plate. The extract was cooled to room
temperature, and the remaining solid residues were removed through filtration using gauze and filter paper.
Iron precursor FeSO,-7H,O was added to the extract [9] and the pH of the solution was adjusted to a range of
7-8 using or 0.3 M NaOH. Green synthesis was performed on a reciprocal shaker (100 rpm), in the dark, at
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room temperature for a duration of 48 hours. The resulting nanoparticles were then centrifuged (Hettich,
Universal 320-R) in 50 mL conical centrifuge tubes at 9500 rpm for 15 minutes. The majority of the
supernatant was decanted, while the sedimented bionanoparticles were resuspended in the remaining 3 mL of
supernatant and immediately used in degradation experiments and for characterization of the iron
bionanoparticles.

2.2 Characterization of iron bionanoparticles

The surface of nanoparticles and their size and shape were studied with electron microscopes. The
transmission electron microscope (TEM) JEM-2100 (JEOL Ltd., Japan) was used for the nZVI particles
images obtained at an electron acceleration voltage of 200 kV.

The morphology of the samples was examined by SEM using a JSM-7900F Jeol scanning electron
microscope with an accelerating voltage of 5.0 kV. Energy Dispersive Spectrometry (EDS) was performed to
verify the composition of the samples using Jeol JED-2300 SDD detector, with acquisition time of 60 second
and under an accelerating voltage of 15.0 kV.

The specific surface areca (SSA) of the sample could significantly affect the reactivity of the material.
SSA was determined via gas sorption analysis performed by means of N, adsorption/desorption
measurements at 77 K on a volumetric gas adsorption analyzer (Autosorb iQ XR, Anton-Paar Quanta Tec,
USA) up to 0.965 p/po.

X-ray powder diffraction (XRD) measurement was used to distinguish the crystalline phase in the
samples. The measurements were performed with the Aeris diffractometer (Malvern PANalytical, Ltd, USA)
operating in Bragg-Brentano geometry.

The *"Fe zero-field Mossbauer spectra were recorded at room temperature employing a Mossbauer
spectrometer (MS2007) operating in a constant acceleration mode and equipped with a 50 mCi *’Co(Rh)
source. The values of the isomer shift are referred to a-Fe foil sample at room temperature.

Fourier transform infrared (FT-IR) absorption spectra were measured on an FT-IR spectrometer
Nicolet iS5 (Thermo electron, USA) employing attenuated total reflection (ATR) an a ZnSe crystal, using 64
scans with resolution of 2 cm™. The IR absorption spectra were recalculated from ATR to absorbance and
baseline correction.

2.3 Degradation experiments of PCBs

Under defined laboratory conditions, 100 mL of minimal mineral medium, 185 pL of Delor 103
solution, and 3 mL of freshly synthesized Fe-BNPs derived from grape berries and pomace were added to
reagent bottles. The pH of the solution was adjusted to a range of 6 to 7 with 3M NaOH. Experimental
conditions were 120 rpm, 25 °C, in the dark for 7 and 14 days. The reagent bottles were sealed with stoppers
to prevent oxygen interference, as the presence of oxygen inhibits the reductive activity of the nanoparticles.
Remaining non-degraded PCB congeners were extracted by two-step extraction using n-Hexane and
extracted organic phase of the samples was analysed on GC-ECD (HP 5890, Agilent, USA). Based on the
calibration of a standard mixture of seven monitored indicator PCB congeners (PCB 8; PCB 28; PCB 52;
PCB 101; PCB 118; PCB 138; PCB 153), the percentage reduction of individual chlorinated biphenyls in the
samples was evaluated using the peak areas and calculated with following equation (1):

p— (contro!—sam;ﬂ!g) +100 % (1)

control

3 Results and discussion
3.1 Characterisation of iron bionanoparticles

The primary characterization of the biomaterial was performed using Fe-BNPs derived from grape
pomace. TEM and SEM analyses revealed that the synthesized Fe-BNPs are predominantly nanoscale, with
particle sizes mostly under 100 nm, confirming their classification as nanoparticles in Fig. 2. EDS analysis
indicated that the material is homogeneous, with distinct clusters exhibiting a porous structure, which
enhances their potential as sorbents. The elemental analysis of the sample revealed that carbon and iron were
the predominant elements, highlighting the primary constituents of the synthesized bionanoparticles. The
presence of iron is particularly significant, as it plays a crucial role in the material’s functionality, especially
in environmental and catalytic applications. Iron’s abundance not only confirms successful synthesis but also
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underscores the material’s potential efficacy in redox reactions, such as those involved in the degradation of
contaminants. The presence of other elements such as magnesium, phosphorus, potassium, calcium, and
silicon were also detected, aligning with expectations given the complex nature of the natural matrix used for
synthesis. These elements are commonly found in biological materials and can contribute to the overall
stability and functionality of the nanoparticles. For instance, magnesium and calcium often play supportive
roles in enhancing the structural integrity of the nanoparticles, while phosphorus can participate in surface
interactions that influence the nanoparticles’ reactivity [10].

] T oS,
opy of Fe-BNPs derived from grape pomace (100 nm)

Fig. 2. Transmission electron microsc

X-ray diffraction (XRD) analysis revealed that the Fe-BNPs are amorphous, lacking detectable
crystalline phases, which indicates a disordered atomic structure. The amorphous nature enhances surface
reactivity and catalytic performance due to the high density of reactive sites and flexibility in structure. This
structural disorder is advantageous for environmental remediation applications, as it supports enhanced
pollutant degradation capabilities. The absence of long-range order also facilitates surface modifications,
highlighting the potential of amorphous Fe-BNPs as efficient materials in functional applications [11].

Mossbauer spectroscopy revealed that the iron in the Fe-BNPs predominantly exists in the Fe(III)
valence state, with a smaller proportion of Fe(Il), suggesting that the oxidation of iron may be accelerated by
changes in pH from acidic to neutral conditions or after exposure in the air. Further characterization of the
Fe-BNPs from grape pomace was conducted using nitrogen adsorption-desorption techniques to determine
the specific surface area and pore characteristics. The results indicated a specific surface area of 382 m*/g,
with the presence of mesopores, highlighting that Fe-BNPs are outstanding sorbents with a high capacity for
adsorbing contaminants. Their porous nature, combined with a large surface area, underscores their
effectiveness in capturing pollutants, making them suitable for environmental applications. To assess the
interaction between iron and polyphenols present in the grape pomace, FTIR spectroscopy was employed.
The FTIR spectra of the Fe-BNPs showed absorption bands at approximately 2800 cm™ (aldehyde groups)
and 1750 cm™ (carboxylic acid groups), which are characteristic of polyphenolic compounds. These findings
suggest that polyphenols are involved in the chelation and stabilization of iron within the nanoparticles. The
presence of these functional groups partially confirms the interaction between polyphenols and iron,
indicating that these organic molecules play a significant role in the formation and stability of the Fe-BNPs,
enhancing their structural and functional properties.

3.2 Degradation experiments of PCBs

The Fe-BNPs synthesized from grape pomace and grape berries exhibited significant efficacy in
degrading polychlorinated biphenyls (PCBs), achieving a degradation of 62 % and 60 % of the sum of
monitored PCB congeners over a 14-day period, respectively (Fig. 3). The similar degradation efficiencies
observed for both sources indicate the potential of Fe-BNPs in environmental remediation. Longer exposure
times are expected to further enhance PCB degradation, as results showed greater efficacy over 14 days
compared to 7 days. However, the experiments were conducted under optimal anaerobic conditions, which
favoured the activity of the bionanoparticles; such conditions may not be easily replicated irn situ due to the
susceptibility of Fe-BNPs to oxidation. Further research is necessary to address these oxidation challenges
and to optimize conditions for in sifu applications. Increasing the concentration of Fe-BNPs or adjusting the
dosing frequency could potentially improve degradation rates and extend their effectiveness over time. These
findings highlight the feasibility of using Fe-BNPs derived from agricultural waste, supporting the broader
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goals of food waste valorization and the circular economy by converting waste materials into functional
nanomaterials for pollutant removal.

The commercial mixture Delor 103 used in the experiment contains the highest concentrations of
lower chlorinated PCBs, such as PCB 8 (6 %), PCB 28 (22 %), and PCB 52 (2 %). The remaining PCBs
were present in trace amounts, which likely facilitated their faster degradation during the experiment. The
subsequent removal of lower chlorinated PCBs was observed. Notably, the degradation effects of Fe-BNPs
derived from grapes and grape pomace were similar, with a significant difference observed only for PCB
118. Less chlorinated PCBs undergo slower dechlorination compared to highly chlorinated PCBs due to the
increase in the energy of the lowest unoccupied molecular orbital (LUMO) as chlorine atoms are
progressively removed from the PCB molecule. Chlorine atoms in para- or meta- positions are
dehalogenated more rapidly than those in ortho- positions. An increased number of chlorine atoms in ortho-
positions can hinder the dechlorination process by increasing the torsional angle between the benzene rings,
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which may obstruct the sorption process [12].
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Fig. 3. Degradation of PCBs (artificially contaminated water medium) by Fe-BNPs
derived from grape pomace and grape berries
Experimental conditions: 100 rpm, 25 °C, 7 and 14 days
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4 Conclusions

This study underscores the significance of green synthesis techniques in producing effective iron-
based nanoparticles for environmental applications. The Fe-BNPs synthesized from grape pomace exhibit
excellent sorbent properties. These findings suggest that Fe-BNPs derived from grape pomace, a common
agricultural waste product, offer an eco-friendly and sustainable approach to nanoparticle production,
providing a promising material for environmental remediation technologies.

The implications of this work extend to the fields of nanotechnology, environmental science, and
waste management, highlighting the dual benefits of pollutant removal and resource recovery. By integrating
waste-derived materials into remediation processes, this study aligns with the principles of circular economy,
supporting sustainable development and environmental protection. Future research should focus on
optimizing the synthesis conditions to further enhance the reactivity and stability of Fe-BNPs and explore
their application across a broader range of environmental contaminants.
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Abstract

Pyrometallurgy is the primary method used to extract precious metals from PCBs. Nevertheless, pyrometallurgy is an
extremely energy-intensive process that releases hazardous substances because of PCBs content. Nowadays,
bioleaching is thought to be a cutting-edge method for removing metal from a variety of secondary source materials and
wastes. Thus, it is especially crucial to create novel, economical, and energy-efficient methods for effectively
recovering metal from PCBs while also being ecologically benign. In light of this, bioleaching appears to be a viable
method. Bioleaching experiments were performed two using biogenic ferric iron as an oxidizing agent obtained from
iron-oxidizing bacteria Leptospirillum ferriphilum CC (OM272948). The 48-hour experiment was carried out at 10 %
pulp density (PD), pH 1, and 20 g/L Fe**, 40 °C and 400 rpm, with each stage lasting 24 hours. The results show that
leaching non-ferrous metals from PCBs may be accomplished with two steps of bioleaching.

Keywords: printed circuit boards (PCBs), acidophilic microorganisms, biogenic ferric iron, two-stage bioleaching

1 Introduction

According to Kaya (2016) [1], waste electronic and electrical equipment (WEEE) makes about 8 % of
all municipal waste and is growing by 4-5 % year. WEEE is primarily produced by four sources: office
machines, industrial equipment/machines, hospital medical equipment, and small and big residential
appliances. 3-5 % of the total volume of WEEE is made up of PCBs, which are the primary component of
WEEE [2, 3]. PCBs are made up of 20 % Cu, 5 % Al, 1 % Ni, 1.5 % Pb, 2 % Zn, and 3 % Sn (w/w) with
250 ppm Au, 1000 ppm Ag, and 110 ppm Pd respectively [1, 2, 4].

PCB recycling is important for the environment and the economy. PCB disposal may release
potentially hazardous substances into soil and water, increasing the risk of toxicity to food chains [5].
However, PCBs may also be a secondary source of important metals like Cu, Zn, Al, Ni, and Au.

Pyrometallurgy is the primary method used to treat PCBs to recover valuable metals; however, during
this process, part of the metals, including aluminum, iron, and precious metals, are lost in the slag [6]. In
addition, pyrometallurgy is an energy-intensive process. Moreover, harmful dioxins and other chemicals are
released when plastics are present in PCBs. Thus, it is especially crucial to develop novel, energy- and cost-
efficient methods for the effective recovery of metal from PCBs.

Biohydrometallurgy is a very promising technique from this perspective. Brierley and Brierley (2001)
[7] describe bioleaching as a well-known commercial use of biohydrometallurgy to treat mineral ores. This
biological technique is easier, more economical, and less harmful to the environment than traditional
pyrometallurgy. The foundation of bioleaching is the capacity of bacteria, fungus, or other microorganisms
to generate leaching agents. Specifically, ferrous iron to ferric iron, a potent oxidative agent, and elemental
sulfur to sulfuric acid, so generating leaching agents, can be oxidized by acidophilic autotrophic bacteria
(direct mechanism) [8, 9]. Thus, in contrast to chemical treatment, bioleaching involves the biological
production of the reagents required for metal recovery, which has clear benefits for process economics and
environmental effect in terms of carbon emissions.

Actually, bioleaching is now thought of as a cutting-edge method for removing metal from a variety of
secondary source materials and wastes. Some research in the literature [10-12] discusses the use of
bioleaching for the treatment of wasted PCBs by acidophilic microorganisms. The purpose of this work is to
compare the copper recovery effectiveness of one- and two-stage PCB treatment techniques, which
correspond to direct and indirect bioleaching mechanisms.
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2 Material and methods
2.1 Preparation of PCBs

Multi-layer printed circuit boards, mostly from abandoned computers, were used in this project. The
PCB samples were utilized in the tests after being cut into 1.5 x 1 cm pieces with scissors. Before
bioleaching, the broken PCBs were boiled in 10 % NaOH for fifteen minutes to remove the passive layer
(green solder mask) that was present. Following a thorough washing with distilled water, the samples were
dried and kept ready for bioleaching.

2.2 Culture growth and preparation of lixiviant

Cultivated in MAC medium containing 44.2 g/l FeSO,.7H,O at 40 °C for 4-5 days. The obtained
culture liquid (lixiviant) was used for bioleaching applications. The cell number was determined by direct
counting under a microscope (Optica B-810, Italy) using a Thoma Chamber. The initial cell number for
L. ferriphilum CC was 2.5 x 107 cells/mL.

The biolixiviant used for leaching was obtained based on an iron-oxidizing culture Leptosprillum
ferriphilum CC (OM272948) [13]. L.ferriphilum CC was grown in modified 9K medium (0.5 g/L
(NH,),S0;, 0.5 g/L MgS0,.7H,0, 0.5 g/L K,HPO,, 0.05 g/L KCI, 0.01 g/L Ca(NOs),) containing 25 g.L"’
ferrous iron (supplemented as FeSO,.7H,0). The growth of bacteria as described previously was carried out
inside a bio-fermenter (Bionet Baby 0) coupled to the control unit, to follow gas supply, stirring rate, pH, Eh,
and temperature. The fermenter filled in with 2 L medium was inoculated at 10 % (v/v) of bacterial culture
(2.6x10° cells/mL) and pH adjusted to 1.8-1.9 using 10N H,SO,. The fermenter was operated at a
temperature of 30 °C, stirring speed of 80 rpm, and 1 lpm air-flow. After 5-7 days of cultivation, a reddish
coloration of the culture medium was observed due to the oxidation of Fe*" to Fe’*. The redox potential of
the lixiviant was around 700 mV (Ag/AgCl ref.). The quantitative determination of bacterial cells during
bioleaching experiments was carried out by a serial end-point dilution technique known as the “most
probable number” (MPN) method [14].

2.3 Bioleaching

Two-stage bioleaching of ground < 2 cm size fraction of PCBs was performed inside a 2 L jacketed
reactor coupled to a circulating bath maintaining a constant operating temperature of 40 °C required to
sustain eventual bacterial growth. The reactor was connected to a condenser to prevent excessive evaporation
and a tunable compressor to supply air [15]. Leaching experiments were performed under starting pH of 1
(10N H,SO, was used for pH adjustment) and 20 g/L concentration of Fe'" as an oxidizing agent. The
duration of the bioleaching experiment was 48 h, with each stage being fixed to 24 h. To realize this, after
elapsing the first 24 h of leaching, the pregnant solution (PLS) was decantated and fresh lixivant was added
to the reactor. Solution sampling was performed at the start of the experiment, 1 h,2h,3h,4h,5h,6h, 7 h,
and 24 h of each stage. After bioleaching, the residue was recovered as two different granulometric fractions:
“coarse” (1-2 mm) and “fine” (below 1 mm). The “coarse” fraction was obtained after sieving, while the
“fine” fraction was the one remaining after vacuum filtration of the PLS. Following separation, “coarse” and
“fine” fractions were dried and used for microscopic inspection.

2.4 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)

PCBs were observed concerning morphology and phase liberation by a SEM-based automated
mineralogy system-Zeiss sigma 300 FEG “Mineralogic”’-coupled to two Brucker EDS x Flash 6[30 X-ray
energy dispersion spectrometers (silicon drift detector). The SEM-EDS analyses were carried out using a
probe current of 2.3 nA with an accelerating voltage of 20 kV at a working distance of 8.5 mm. A mapping
mode was performed using a 3 to 5 um step size and a dwell time of 55 ms. Analytical conditions such as
contrast and brightness were set up manually to provide best possible contrast between the observed phases
(plastics, composites, metals). System magnification was set to 6000 X and voltage tension to 20 kV.

2.5 Analytical determinations

Metals in the pregnant leach solution (PLS) were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES). The solid residue after leaching was dried, oven-treated at 900 °C for
240 min, ground in an agate mortar or a ring mill, and digested in aqua regia before being analyzed, similar
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to the liquid samples. Ferrous and ferric iron concentration was determined by an Ethylenediaminetetraacetic
acid (EDTA) based complexometric titration [16].

3 Results and discussion

In our previous experiments, we studied the effect of different oxidizing agent (Fe’") concentrations,
varying pH, and pulp density (PD) on metal extraction efficiency [15]. In this study to characterize feed and
residue material after bioleaching, PCBs were subjected to two-stage subsequent bioleaching via biologically
obtained Fe’* by L. ferriphilum CC. To mimic closely industrially relevant applications 10 % of PD was
chosen. During the entire two-stage bioleaching (24 h + 24 h) at 10 % PD, pH 1, and 20 g.L"' ferric iron the
overall metal yield was 95 % for Cu and 87 % for Ni with almost complete recovery of Zn (Figure 1).

100 - 94139

80

98,7

60 -

40 ~

Recovery (%)
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Cu WZn W Ni

Fig. 1. Recovery of metals from PCBs at two-stage leaching
(Conditions: PD 10 %; pH 1; Fe’” concentration 20 g/L; 40 °C, 1 standard liter per minute (slpm);
600 rmp, duration 24 h + 24 h)

The recovery of Al was about 3 % (data not shown) which corresponds to our previous results [15].
This low recovery level is most likely due to the intrinsic refractoriness of the aluminum met in PCBs (e.g. as
an alloy), and the presence of surface coatings or encapsulation within the PCB matrix.

pH and the oxidation-reduction potential (ORP) is also an important parameter that reflects the
oxidation and reduction reactions taking place during the leaching process. pH increases during the
bioleaching process from 1 to 1.93 and 1.21 in the first and the second stages respectively. This could be
attributed to the alkaline compounds found in PCBs, which consume the acid reflecting in increase in pH of
the lixiviant. Besides, the pH increase could have resulted from bacterial oxidation of Fe** to Fe’" known as
an acid (proton) consumption process. It is assumed that the maximum recovery of metals takes place mainly
during the first stage, which was reported in our previous experiments [15]. This explains the non-substantial
changes in pH observed in the second stage of leaching.

In the first stage ORP of the bacterial solution dropped sharply from 608 mV to 346 mV (Ag/AgCl),
for 1 h of leaching due to the reduction of Fe’" ions to Fe*" (redoxolysis). During the second stage, ORP
declined at a slower pace from 593 to 460 mV (Ag/AgCl), which proves the assumption that leaching takes
place mainly in the first stage with the elevated ORP values indicating the prevalence of Fe’ over Fe* in the
lixiviant.

As shown in Table 1 after 3 h of leaching there was a distinct drop in bacterial population in the PLS -
from 108 to 102 cells/mL. After 3 h of leaching no growth of bacteria was observed due to the inhibitory
effect of PCBs on bacterial activity given their heterogenous composition carrying a variety of hazardous
compounds and because of the initial low pH.
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Table 1. Bacteria enumeration during the bioleaching
(PD 10 %, initial pH 1, Fe'* 20g/L, 40 °C, air 1 slpm, 600 rpm, duration 24 h)

Duration (h) Number of cells (cells/mL)
0 2.6x10°
1 1.1x10’
3 3.0x10
5 N/D*
24 N/D

*N/D - not detected

It was important to assess and track visually the evolution of PCBs fragments and their morphology
before and after leaching. Due to the disparities in their chemical composition, plastics (dark) and metallic
(bright) may be distinguished in the backscattered electrons (BSE) images, which present signals from a
polished section in greyscale. Commonly energy dispersive spectroscopy (EDS) is used to obtain added
information to differentiate the composition of the detected metallic particles. It is worth noting that PCBs
have a multi-element base composition [16], so a large number of elements are expected to be found. The
primary metals that comprise PCBs, according to an EDS mapping, are Cu, Zn, Sn, Ti, Ba, Pb, Fe, and Au.
However, these metals are usually met as alloys between each other.

4 Conclusions

Conditions that have previously [15] been found to be optimal (pH 1, 10 % PD, and 20 g/L Fe’*) were
used for a two-stage bioleaching of PCBs which allowed reaching up to 95 % extraction of copper. The
results obtained indicate that Cu as well as other metals in PCBs may be efficiently leached by a two-stage
process involving bio-oxidation coupled to subsequent redoxolysis.
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Abstract

Waste cordierite, typically regarded as a waste residue after hydrometallurgical recovery of valuable metals (Pt, Pd, Rh)
from automotive catalytic converters, could hold significant potential as a sustainable adsorbent for environmental
applications. The paper presents preliminary research results on the Cu adsorption from aqueous solution on waste
cordierite as an adsorbent. The results demonstrate that the choice of acid in chemical activation significantly influences
the sorption capacity of the cordierite material. The highest copper adsorption rate, reaching 97.6 %, was observed
when the cordierite was activated with oxalic acid, indicating that this acid (next to citric acid and hydrochloric acid)
provides the most effective surface modification for enhancing copper ion binding. Further research to verify and
optimize the sorption conditions for Cu and for a broader range of pollutants will be continued.

Keywords: cordierite, spent auto catalyst converters, copper, adsorption, adsorbent

1 Introduction

Sorption processes are widely used to purify industrial wastewater from organic and inorganic
pollutants, arousing great interest among researchers. Although sorption technologies have been known for
many years, the search for inexpensive sorbents with high efficiency in removing pollutants is still an
important area of research. Local raw materials, such as natural materials and agricultural and industrial
wastes, can be successfully used as economical adsorbents. Various bio-waste sources are gaining
importance, originating from agricultural production, the food industry, wood processing, fishing, and the
municipal economy [1, 2]. However, more and more often is also talk about the possibility of using industrial
wastes originating from the metallurgical industry, e.g. blast furnace slag, red mud, and copper slag, to
develop effective adsorbents for purifying pollutants in water [3]. In addition to waste slags from
pyrometallurgical processes, some mineral materials remaining after hydrometallurgical metal recovery
processes may also have sorption potential for metal ions. An example is the ceramic material of a car
catalytic converter, which is made mainly of silicon, aluminum, and magnesium oxides in the form of
cordierite 2MgO 2AL,0; 5Si0,. It is common knowledge that used car catalytic converters after their
operation are a valuable source of platinum group metals PGM (Pt, Pd, Rh), the recovery of which is the
main goal of recycling used catalysts. On the other hand, the residue from the hydrometallurgical metal
recovery process - the ceramic carrier - is treated as waste. The composition of the ceramic monolith of used
catalytic converters, which is 48-52 % silicon oxide (Si0,), 32-36 % aluminum oxide (Al,03), and 8-14 %
magnesium oxide (MgO) [4, 5], indicates the possibility of testing this raw material for its sorption potential.
The study aimed to determine the preliminary sorption capabilities of waste cordierite, as a potential
adsorbent of copper from aqueous solutions.

2 Material and methods
2.1 Characteristics of material

The study was conducted on waste cordierite, a residual material left after the leaching of PGM -
specifically platinum (Pt), palladium (Pd), and rhodium (Rh) - from automotive catalytic converters (Fig. 1).
The leaching process was carried out using a hydrochloric acid (HCI) and hydrogen peroxide (H,O,)
solution, heated to 60 °C over 5 hours. Following the recovery of PGM, the residual cordierite material was
dried, and then ground to achieve a uniform particle size. This treatment prepared the material for further
modification and testing.
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Fig. 1. Cordlerlte the tested sorptlon materlal before and after grinding

2.2 Experimental methods

The adsorption experiments were performed in Erlenmeyer flasks with continuous agitation provided
by a magnetic stirrer set at 295 rpm for 2 hours. The conditions of the experiments were carefully controlled
to ensure consistency, with a solid-to-liquid ratio (S/L) of 1:40 and a temperature of 23 °C. The copper
solution used in the study had an initial concentration of 5 mg/l. Following the adsorption process, the
concentration of copper remaining in the solution was measured using an inductively coupled plasma
spectrometer ICP-OES (ICP_PRO X Duo, Thermo Scientific).

3 Results and discussion

Figure 2 illustrates the degree of copper (Cu) removal from the solution, highlighting the impact of the
activation method (i.e. type of acid used) on the efficiency of the adsorption process. The results demonstrate
that the choice of acid significantly influences the sorption capacity of the cordierite material. The highest
copper adsorption rate, reaching 97.6 %, was observed when the cordierite was activated with oxalic acid,
indicating that this acid provides the most effective surface modification for enhancing copper ion binding.
In comparison, citric acid activation resulted in a lower but still notable adsorption efficiency of 73.3 %. The
lowest degree of copper removal, 51.4 %, was achieved with hydrochloric acid (HCI).
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Fig. 2. Copper adsorption on waste cordierite depending on the type of activation (NA - not-activated)

4 Conclusions

Preliminary research results indicate that waste cordierite demonstrates significant promise as an
adsorbent for copper ions. The material's composition, primarily consisting of silicon oxide, aluminum
oxide, and magnesium oxide, contributes to its effectiveness in removing copper from aqueous solutions, and
chemical activation with oxalic acid improved the adsorption properties of waste cordierite. These findings
suggest that cordierite, often considered waste after the recovery of precious metals from catalytic
converters, can be repurposed as a valuable and cost-effective adsorbent in wastewater treatment
applications. Given these promising results, further detailed studies are planned to explore the sorption
capabilities of waste cordierite for Cu and other metal ions, such as lead, and nickel.
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Scientific focus

The Institute of Geotechnics SAS, established in 1954, has a dominant position in Slovak Republic within the basic and applied resesarch in the
area of rock cutting, mineral processing, mechanochemistry, mineral biotechnologies and environmental protection.
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«  basic research of processes in the field of rock cutting, rock tradition related to the mining activities in Slovakia strongly connected
mechanics and underground constructions, the transport of 1@ mineral exploitation, mineral processing and beneficiation of raw
energy and mass in the rock disintegration processes; basic materials.
research of solid dispersions origin patterns and their properties  After the regression in mining industry in 19905, the IGT SAS has begun
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biotechnological processes; qualitative and  quantitative
evaluation of phase interactions at the disperse systems formation
and at their spreading in working and living environment,

= rock cutting and drilling, vibrations in rock drilling, T2M tunnelling,

= mineral processing by physical, chemical and biotechnological

thod
* application of theorstical knowledge from presented areas for TREEIS,

detailing the top technologies principles in the following fields: * mechanosynthesis and mechanochemical activation of minerals
rock cutting, mineral processing, monitoring of selected and materials,

components of working and living environment, monitoring of =  (nano)materials development for environmental applications,
environmental, chemical and geological changes in the waste

i 4 B : o = mineral and environmental bio- and nano-technelogies,
repositories with the aim of ecological remediation,

v B % 2 oo = remediation and recovery of mining and industrial areas
*  advisory and expertise services related to main activities, &4 = !
removal of toxic substances from waters and soils, treatment of

» scientific education {PhD_) in terms of generally valid legislation
{ ) N i & 5 acid mine drainage, biodegradation of organic pollutants in soils,

* publication of the scientific-research activities.
* industrial waste treatment.

Scientific departments

The Institute of Geotechnics SAS is divided into 5 research departments, a central analytical laboratory and a service department supporting
the research. The scientific departments cover the main scope of the institute, i.e. experimental research, scientific projects and publishing of
results. Senior scientists, research fellows, PhD students and technicians are all involved in the implementation of the scientific project tasks,
and contribute to acquisition of additional financial support by applying for project proposals at international and national project agencies (EU
H2020/FP7, ERDF, APVV, VEGA, etc ). For project implementation, the research teams are formed across the departments, providing strong
interdisciplinary knowledge and experience.

Deparlment of Environment and Hygiene in Mining
Department of Mechanochemistry

Department of Mineral Biotechnologies

Department of Physical and Physico-Chemical Mineral Processing Methods

Department of Mineral Biotechnologies focuses on environmental, biogenic and bic-transformation processes in relation to minerals, raw
materials, industrial wastes in new environmentally acceptable processing technologies. o L ; J

Bioremediation of mining and industrial waste effluents

# biodegradation, biosorption, bioprecipitation, biovolatilization,

# bacterial dissimilatory reduction of iron, sulphate, nitrate, (perjchlorate,
« ion exchange,

# advanced oxidation processes (AQPs),

# toxicity and biodegradability assessment (respirometric methods).

Degradation of organic pollutants in waters and soils
# biodegradation of organic pollutants in groundwaters, waste waters and soils,
+ contaminant-specific monitoring of the degradation based on the extraction of the analyte from the matr:x bE{DrE analysis,

» contaminant-non-specific monitoring of organic matter mineralization based on oxygen and carbon dioxide gas analysis {respirometric
methods).

Biocorrosion & biodeterioration of synthetic and industrial materials
» bio corrosion of building composite materials,
# bio-deterioration of underground storage structures.

Bioleaching & metal mobilization
# dissolution of minerals by bacterial oxidation of iron and/or reduced inorganic sulfur compounds,
# bacterial reductive dissolution of iron oxides,

# [iberation of iron impurities from nonmetallic by bacterial by-products.

1 Institute of Geotechnics SAS, Watsonova 45, 040 01 Kosice, Slovakia 8 +421 55
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tel.: 00421-33-774 4230, 774 4231
e-mail: amedis.pn@amedis.sk

QMeD

Laboratérna a medicinska technika

The company AMEDIS spol. s r.0. was founded in Slovakia in 1991.

The subject of the activity is 30 years of business and educational activities related to the sale and
service of laboratory and medical equipment. We represent top manufacturers of a wide range of laboratory
instruments and analyzers as well as medical radiotherapy irradiation, imaging, planning and dosimetric
systems.

The company AMEDIS spol. s r.0. also ensures highly professional installation and service support of
the sold devices. Our experienced service engineers have over 30 years of experience in service and
application support. The younger members of the team have been with our customers for more than 15 years.
They completed a number of professional trainings and coped with dozens of seemingly intractable
challenges.

Many of our customers have become our friends, which we greatly appreciate.

In 2006, we introduced a quality management system according to the ISO 9001 standard, its
successful implementation is regularly checked by external audits. Since 2015, we have adopted
environmental protection measures, namely the ISO 14001 standard and the OHSAS 18001 occupational
health and safety standard. Our philosophy is not only sales, but also high-quality and qualified support for
sold devices.

In the field of laboratory accessories, the company has exclusive representation of the following
brands:
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SCIEX INSTRUIMENCIS - -

ERWEKA ¢mnFcon MJM

OXFORD
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The Bucimess of Solence® '
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And many more...
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Avantor?, is a leading life science tools company and global
provider of mission-critical products and services to
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industries. From discovery to delivery, we work side-by-side
with scientists around the world to enable breakthroughs in
medicine, healthcare, and technology ot scale.
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For more information, visit avantorsciences.com and find
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We set science in motion to create a better world

CONTACT:

VWR International s. 1. 0.
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