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coupling ferrous iron bio-
oxidation and ferric iron chemo-reduction to
promote biomineralization in simulated acidic mine
drainage†

Ning Wang,‡ Di Fang,‡ Guanyu Zheng, Jianru Liang and Lixiang Zhou *

A novel Acidithiobacillus ferrooxidans-mediated approach coupling biological oxidation and chemical

reduction for treating acid mine drainage (AMD) was investigated. The results showed that controlled

addition of zero valent iron (ZVI) into the coupling system did not exhibit a significant adverse influence

on the bacterial activity of Acidithiobacillus ferrooxidans but markedly increased the formation of

secondary Fe-minerals. Nutrition did not affect the efficiency of coupling process, except for the

bacteria density of A. ferrooxidans. 2 days cyclic treatment performed better than that of 4 and 8 days.

After 14 cycles of the coupling process, 89.4% of total iron (2.23 g L�1) was transferred into Fe-minerals

finally. In addition, the combined system was highly effective in removing sulfate (63%) from a simulated

AMD that contained soluble Cu, Zn, Al, and Mn. Valuable iron-sulfate material e.g. schwertmannite was

formed with little co-precipitation of other metals. Therefore, the integration of A. ferrooxidans into the

reduction by ZVI may have considerable potential in the enhancement of biomineralization efficiency,

which may further decrease soluble TFe and sulfate loads in AMD before lime neutralization.
1. Introduction

Acidic mine drainage (AMD) are ubiquitously generated in
many mines all over the world, including North America, Spain,
Australia, South Africa, and southern China.1–7 AMD is always
acidic (pH < 4) and contains high concentrations of toxic
metals/metalloids (i.e., aluminum, manganese, copper, zinc,
arsenic, etc.), soluble iron (Fe2+, Fe3+), and sulfate (SO4

2�).8,9 The
cost-effective treatment of AMD has become an environmental
challenge that requires increased attention.

Neutralization with lime or other reagents (e.g., limestone,
sodium hydroxide, and sodium carbonate) is a frequently used
method for treating large volume of AMD, particularly those
from small mines, because of its simplicity.10,11 However, there
are several limitations for this method. On one hand, the
conversion of ferrous ions (Fe2+) into ferrous hydroxides occurs
at pH > 9, indicating that a large amount of alkalinity is needed
to increase the pH of AMD from 2–4 to >9.12 On the other hand,
applied chemicals (e.g. limestone) can be rapidly coated with
newly formed ferric hydroxides, inhibiting the further interac-
tions of these chemicals with other metals in AMD.8 Thus, the
ciences, Nanjing Agricultural University,
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amount of lime required in neutralization is far more than the
theoretical dose because the direct treatment of AMD by
neutralization process may be inefficient.12 Besides, a massive
amount of toxic solid wastes, a mixture of waste gypsum and
metallic hydroxide, are usually generated during neutralization
process.13 These secondary wastes require highly regulated and
costly disposal.14 Therefore, it is important to remove soluble
iron and sulfate as much as possible before lime neutralization
in order to reduce the amount of toxic sludge generated and to
improve the neutralization efficiency in AMD (Fig. S1†).

The hydrolysis of ferric iron (Fe3+) and sulfate leads to
formation of secondary minerals, such as schwertmannite
(Fe8O8(OH)8�2x(SO4)x, eqn (1)) and jarosite (MFe3(OH)6(SO4)2,-
M: K, Na, NH4, H3O, eqn (2)), which is an effective approach to
remove iron and sulfate from AMD.15,16 In AMD treatment, the
advantages of mineralization before neutralization are as
follows: (1) decrease in lime dosage for neutralization; (2)
simultaneous decrease in iron and sulfate load of AMD by
precipitation; (3) hydrolysis-induced generation of minerals
that are prospective resources for water treatment (as adsor-
bent, catalyst, etc.).17,18

8Fe3+ + xSO4
2� + (16 � 2x)H2O ¼ Fe8O8(OH)8�2x(SO4)x

+ (24 � 2x)H+, (1 # x # 1.75) (1)

M+ + 3Fe3+ + 2SO4
2� + 6H2O ¼ (M)Fe3(SO4)2(OH)6

+ 6H+, (M: K/Na/NH4/H3O) (2)
RSC Adv., 2019, 9, 5083–5090 | 5083
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4Fe2+ + O2 + 4H+ ¼ 4Fe3+ + 2H2O (3)

It has been documented that biological Fe2+ oxidation at
approximately pH 3 promotes the removal of iron and sulfate in
AMD via the precipitation of iron hydroxysulfate minerals.19–22

The vital role of Acidithiobacillus ferrooxidans in biomineraliza-
tion has been investigated extensively. In A. ferrooxidans system,
Fe2+ oxidation rate is substantially improved by millions of
times compared with the abiotic oxidation (eqn (3)), and
mineral is produced spontaneously under acidic condi-
tions.15,16,23–27 Crystal seed is able to improve mineral produc-
tion, and the initial concentrations of Fe2+, K+ and NH4

+ play
important roles in controlling the formation of different type of
mineral precipitates (schwertmannite or/and jarosite).28,29

However, a growing number of evidences suggest that only
limited amount of iron can be integrated into minerals in A.
ferrooxidans biomineralization system, even under the optimal
conditions, because of the nally achieved equilibrium between
Fe2+ bio-oxidation and Fe3+ mineralization.30–33 Our previous
studies demonstrated that about 70% and 40% of Fe3+ (about
9 g L�1 iron initially) failed to enter into schwertmannite and
jarosite phases, respectively.22,28,34 Therefore, a high removal
efficiency of TFe may be achieved by reducing the residual Fe3+

to Fe2+ to restart the bio-oxidation of Fe2+ and coupling bio-
mineralization for several cycles.

Song et al.35 used a combination process of electrolytic
reduction and biological oxidation to enhance the removal of
TFe from a simulated AMD, but the system was electric power-
dependent and time-consuming, and could suffer from the
aging of the electrodes. Zero-valent iron (ZVI), a partial electron
donor, is an active metal capable of reducing ions as well as
organic and inorganic compounds with oxidation activity.36 ZVI-
based technologies have been widely used in remediating
various contaminants for the treatment of groundwater and
industrial wastewater due to their features of rapid, simple,
controllable, and inexpensive.36–40 Fe3+ can be reduced by ZVI
rapidly (eqn (4)), and the newly formed Fe2+ may be bio-oxidized
by A. ferrooxidans again followed by the hydrolysis of Fe3+ to
mineral precipitate (Fig. S2†). Therefore, we speculate that the
integration of A. ferrooxidans into the reduction by ZVI may have
considerable potential in enhancing the biomineralization
efficiency, which may further decrease soluble TFe and sulfate
loads in AMD before lime neutralization.

Some recent studies reported that biogenic schwertmannite
would be of great promise for wastewater treatments due to its
capability in adsorbing heavy metals/metalloids and catalysing
advanced oxidation.18,41–47 For instance, As(III) in simulated
groundwater can be effectively removed by schwertmannite
biosynthesized using A ferrooxidans, with a maximum adsorp-
tion capacity of 113.9 mg As(III) g�1 in the optimal pH range of
7–10;32 Fenton-like reaction catalysed by biosynthetic schwert-
mannite could completely degrade phenanthrene (1 mg L�1)
within only 3 h;48 and biogenic schwertmannite exhibited
a much higher catalytic capacity than biogenic jarosite for the
degradation of phenol in heterogeneous Fenton-like reactions,
because of its shorter induction period and higher kinetic rate
(k) of the second-stage.49 Therefore, the production of
5084 | RSC Adv., 2019, 9, 5083–5090
schwertmannite during the precipitation of soluble iron and
sulfate in A. ferrooxidans biomineralization system is advanta-
geous over the production of other types of minerals.

In this work, a combined system was initially set up for the
coupling of bio-oxidation and chemical reduction by optimizing
periodic ZVI treatment. Subsequently, the system was tested to
investigate the effects of ZVI supplement and nutrition on the
removal and mineralization performance of soluble TFe and
sulfate. The contents of toxic metals in mineral precipitates in
simulated AMD were also analysed. The outcomes of this study
may provide a promising approach to drastically enhance the
biomineralization of soluble iron and sulfate in AMD via the
formation of secondary Fe-minerals in order to improve lime
neutralization treatment efficiency of AMD.
2. Materials and methods
2.1 Bacteria and culture conditions

A. ferrooxidans LX5 (CGMCC no. 0727) was obtained from China
General Microbiological Culture Collection Centre (CGMCC).
The bacterium was cultured in 500 mL Erlenmeyer asks con-
taining 250 mL of modied 9 K medium with the following
composition: 3.50 g L�1 (NH4)2SO4, 0.119 g L�1 KCl, 0.058 g L�1

K2HPO4, 0.0168 g L�1 Ca(NO3)$4H2O, 0.583 g L
�1 MgSO4$7H2O,

and 44.2 g L�1 FeSO4$7H2O.50 Sulfuric acid (50%, v/v) was used
to adjust the pH to approximately 2.5. 10% (v/v) of A. ferroox-
idans culture was inoculated into the medium and then incu-
bated at 28 �C and 180 rpm for around 60 h. The bacterial
cultures were ltered with lter paper (Whatman no. 4) to
remove the precipitates, while ltrates containing bacterial cells
were then centrifuged at 10 000 � g (Beckman Avanti J-E, USA)
for 10 min at room temperature. Aer being washed twice with
dilute sulfuric acid solution (pH 2.2), the bacterial cells were
resuspended in dilute sulfuric acid solution (pH 2.5) to
approximately 5 � 109 cells per mL.
2.2 Mineralization efficiency by coupling chemo-reduction
and bio-oxidation

A. ferrooxidans cell suspensions were incubated in 250 mL
coupling culture solution (CCS) with the following composition:
3.50 g L�1 (NH4)2SO4, 0.119 g L�1 KCl, 0.058 g L�1 K2HPO4,
0.0168 g L�1 Ca(NO3)$4H2O, 0.583 g L�1 MgSO4$7H2O, and
11.2 g L�1 FeSO4$7H2O. Cultures were incubated in 500 mL
Erlenmeyer asks at 28 �C on a rotary shaker at 180 rpm. ZVI
powder (about 50% amount of Fe3+ in system) was added to
system once every 2 days, starting from the third day (Table S1,†
Exp#1). Reductive reaction was allowed to proceed for 15 min,
and then ZVI was removed from the culture solution by
a magnetic rod. A. ferrooxidans-mediated oxidation continued
on a rotary shaker for another 2 days. Soluble TFe and pH was
monitored periodically before ZVI addition. Aer 31 days, the
precipitates were collected and analysed with a powder X-ray
diffraction (XRD) system (Thermo X'TRA, Germany), using Cu-
Ka radiation (40 kV, 40 mA).

Copper powder (ZVC), a reductant of Fe3+ (eqn (5)), is added
to A. ferrooxidans biomining system as a reference to compare
This journal is © The Royal Society of Chemistry 2019
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with iron powder, so as to reect the dynamic changes of
initial iron ions. ZVI and ZVC (about 50% amount of Fe3+ in
system) were added to 250 mL coupling culture solution (CCS)
containing 4 � 107 cells per mL every 2 days, respectively,
starting from the third day (Table S1,† Exp#2), at 28 �C on
a rotary shaker at 180 rpm. Reductive reaction was allowed to
proceed for 1 hour, then ZVI and ZVC was removed by ltra-
tion (Waterman no. 4). A. ferrooxidans-mediated oxidation
continued on a rotary shaker for another 2 days. Soluble TFe,
sulfate and pH was monitored before the addition of ZVI or
ZVC.

To investigate the effect of nutrient on coupling system, ZVI
(about 50% amount of Fe3+ in system) was added to nutrition
(N) and nutrition free (NF) system, respectively, every 2 days,
starting from the third day (Table S1,† Exp#3). Nutrition culture
(N) contains 3.50 g L�1 (NH4)2SO4, 0.119 g L�1 KCl, 0.058 g L�1

K2HPO4, 0.0168 g L�1 Ca(NO3)2$4H2O, 0.583 g L�1 MgSO4-
$7H2O, and 11.2 g L�1 FeSO4$7H2O. Nutrition free system (NF)
contains only 11.2 g L�1 FeSO4$7H2O. Considering the toxicity
of ZVI, 2 mL A. ferrooxidans cell suspension (1010 cells) was
inoculated into the nutrient free medium every 2 days, starting
from the ninth day.

2Fe3+ + Fe0 ¼ 2Fe2+ + Fe2+ (4)

2Fe3+ + Cu0 ¼ 2Fe2+ + Cu2+ (5)

To investigate the effect of treatment frequency on the
coupling system, ZVI (about 50% amount of Fe3+ in system) was
added to CCS system every 2 days, 4 days, or 8 days, respectively
(Table S1,† Exp#4). Reductive reaction was allowed to proceed
for 15 minutes and followed by A. ferrooxidans-mediated
oxidation continued on a rotary shaker for another 2 days, 4
days, and 8 days, respectively.

Different amount of bacterial cells were inoculated into
reaction system only containing 2.23 g L�1 FeSO4 to investigate
relationship between oxidation rate and mineralization.
Toxicity of ZVI powder (1.12–4.47 g L�1) added to A. ferrooxidans
density in bio-mineralization system was conducted.
Fig. 1 Change of (A) pH and (B) total iron concentration in A. fer-
rooxidans system (ZVI) with or (CK) without zero-valent iron reduction.
2.3 Performance of the combined system on simulated AMD

Total of 300 mL simulated AMD was incubated in 500 mL
Erlenmeyer asks containing 10% (v/v) A. ferrooxidans culture
with nutrition (CCS) and metals (Fe2+ 2234 mg L�1, Cu2+

3.1 mg L�1, Zn2+ 261 mg L�1, Al3+ 54 mg L�1, and Mn2+

55 mg L�1). When Fe2+ was completely oxidized by A. ferroox-
idans aer 3 days, the reduction by ZVI was allowed to proceed
for 15 min followed by 2 days of A. ferrooxidans-mediated bio-
mineralization (Table S1,† Exp#5). Precipitates were collected at
the end of the experiment. For the measurement of the metal
content in the precipitates, the collected precipitates were
digested with nitric acid, hydrouoric acid, and perchloric acid.
Then, the digested solution was analyzed for metal concentra-
tion by using an inductively coupled plasma-atomic emission
spectrometry system (Agilent Technologies 700 ICP-OEC, Agi-
lent Technologies, Inc., USA).
This journal is © The Royal Society of Chemistry 2019
2.4 Analytical procedures

The pH values were determined using a pHS-3C pH meter
(Shanghai, China). The concentrations of Fe2+, TFe ions, and
sulfate were measured by spectrophotometry in accordance
with previously reported standard methods.51,52

Results were expressed as the mean � standard deviation
(SD) of at least three replicate measurements. Signicant
differences between the treatments were statistically evaluated
by SD and one-way analysis of variance (ANOVA) using SPSS 2.0.
Data between two different treatments were compared statisti-
cally by ANOVA, followed by F-test if the ANOVA result was
signicant at P < 0.05. For multiple comparison analysis, least
signicant difference (LSD) tests were performed on all the data
following the ANOVA tests for signicant (P < 0.05) differences
between two different treatment.
3. Results and discussion
3.1 Effects of ZVI on bio-oxidation and biomineralization

Our preliminary study demonstrated that excessive ZVI
remained in the reaction system was toxic to A. ferrooxidans
(Fig. S3†), restricting the oxidization of ferric ion in the system.
Lee et al.53 reported that ZVI could disrupt bacterial cell activity
by reductively decomposing the functional groups in the
proteins and lipopolysaccharides on outer membranes.
Consequently, ZVI was added cyclically to avoid the toxic effect
of excessive ZVI on A. ferrooxidans.

During coupling process, the pH in ZVI system declined
continuously to 2.28 at the end of reaction for 31 days, higher
than the pH of 1.95 in the control system (Fig. 1A). Aer 14 cyclic
reductions, TFe concentration decreased signicantly from 2.24 g
L�1 to 0.24 g L�1 (31 days) in ZVI system and 1.05 g L�1 in the
control system without ZVI (Fig. 1B). The removal efficiency of
RSC Adv., 2019, 9, 5083–5090 | 5085
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Fig. 3 XRD patterns of mineral precipitates formed in A. ferrooxidans
system (ZVI) with or (CK) without periodic reduction by zero-valent
iron after 31 days. Standard XRD patterns of schwertmannite (PDF-47-
1775) and jarosite (PDF-22-0827) were from the International Centre
for Diffraction Data (ICDD) Powder Diffraction Files (PDF) database,
respectively.
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iron under ZVI treatment was 89.4%, which was much higher
than that in the control system (53.2%). ZVI treatment signi-
cantly resulted in much more mineral precipitation as compared
to the control (Fig. 2). During the whole experimental process,
a total amount of 1.2 g ZVI powder was discontinuously added
into the tested AMD system (250 mL) and nally 3.2 g mineral
precipitates was accordingly collected from the system aer 31
days. And compared with the control system without addition of
ZVI (using Fe-oxidizing bacteria only), the nal amount of iron
minerals increased by 2.17 times. These results demonstrated
that the coupling of bio-oxidation and reduction improved bio-
mineralization effectively. In addition, the much higher pH and
much lower TFe concentration in ZVI system is benecial for
reducing the dosage of reagents during the subsequent lime
neutralization step.

XRD pattern suggested that ZVI treatment altered the
composition of the nal mineral precipitates, as exhibiting that
the ZVI treatment resulted in a signicantly higher content of
schwertmannite with comparison to that of the control system
(Fig. 3). Schwertmannite has been demonstrated to be
a possible precursor of jarosite in acidic sulfate-rich environ-
ments, providing a suitable cation that is available to occupy the
“A” site in the jarosite structure.29 High ratio of K+/Fe or NH4

+/Fe
impacted mineral transformation from schwertmannite to jar-
osite.28 The periodic addition of ZVI enhanced Fe/K in system,
which limited the nal formation of jarosite. In addition, NH4

+

and K+ in 9 K medium may be not sufficient to account for
jarosite type precipitation with the increase in mineral forma-
tion. Therefore, it is possible that only schwertmannite
precipitated when NH4

+ and K+ were inadequacy at later stage.
Furthermore, because of higher Fe/S ratio in schwertmannite
and jarosite, much more minerals produced from coupling
process (bio-oxidation and reduction) lead to a drop of sulfate
load in solution along with iron.29

Because ZVI addition introduced extra iron into the system,
it is necessary to inspect the behaviour of iron ions during
coupling process. A typical reducer ZVC was used as an object of
reference. TFe removal efficiency were 80.9%, 91.6%, and 97.2%
aer 3 (9 days), 5 (13 days), and 8 (19 days) cyclic additions of
Fig. 2 Final weight of mineral precipitates after 31 days in A. fer-
rooxidans system. The mean values of three replicates followed by
asterisk (*) indicated significance of difference between the treatment
and control (P < 0.05).

5086 | RSC Adv., 2019, 9, 5083–5090
ZVC, respectively (Fig. 4B). Meanwhile, reductive rate ([Fe3+

before reductive � Fe3+ aer reductive]/Fe3+ before reductive) of
rst ve reactions (3 days, 5 days, 7 days, 9 days and 11 days) in
cultural solution was similar in both ZVI (49–71%) and ZVC (38–
64%) systems (Table S2†). These results suggest that the initial
soluble iron ions, but not new iron ions from ZVI, were
Fig. 4 Change of (A) pH and (B) total iron concentration in A. fer-
rooxidans system (ZVI) with or (CK) without zero-valent iron reduction,
and (ZVC) with zero-valent cooper reduction, respectively.

This journal is © The Royal Society of Chemistry 2019
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precipitated at approximately 90% aer 5 cycles in ZVI treat-
ment, as same as in ZVC treatment. Furthermore, 3.20 g L�1

soluble SO4
2� were removed from solution aer coupling

process of ZVI (Fig. 5). Thus, the introduced iron ions by ZVI
reduction could contribute to further improve sulfate precipi-
tation into mineral.

ZVC treatment showed higher removal rate of iron than that
of ZVI system, because extra copper ions entered into system by
reduction reaction instead of introducing extra iron ions by ZVI
system. Besides, the nal pH of ZVC system was much higher
than that of ZVI system (Fig. 4A). However, ZVC may not be
suitable to be used as a reducing agent during practical appli-
cation, because it introduces copper ion during the process, the
release of which into the environment poses serious threat to
both human health and plant growth.54,55
Fig. 6 Changes of total iron in A. ferrooxidans system (A) with different
frequency of zero-valent iron addition and, and (B) with nutrient or not.
ZVI-2d, ZVI-4d, and ZVI-8d indicate reduction by zero-valent iron
followed by 2 days, 4 days, and 8 days of biological mineralization by A.
ferrooxidans, respectively. N-CK and N-ZVI indicate A. ferrooxidans-
nutrient system (ZVI) with or (CK) without periodic zero-valent iron
reduction. NF-CK and NF-ZVI indicate A. ferrooxidans-nutrient free
system (ZVI) with or (CK) without periodic zero-valent iron reduction.
2 mL bacteria suspensions (1� 1010) were inoculated into the nutrition
free system (NF) from the third cycle after removing zero-valent iron
powder by filtration per cycle.
3.2 Inuence of frequency and nutrition on ZVI system

The highest frequency of ZVI addition (2 d per cycle) resulted in
the largest removal of TFe (Fig. 6A). Obviously, more frequent
addition of ZVI provided continuous reducing power to produce
more Fe2+, further entering into the mineral phase during A.
ferrooxidans-mediated biomineralization. However, before each
addition of ZVI, it is to be ensured that Fe2+ has been oxidized
completely and reaction hydrolysis precipitation achieve equi-
librium. Under acidic conditions, the biological oxidation rate
of Fe2+ by A. ferrooxidans is known to be signicantly higher
(105–106 times) as compared to natural abiotic oxidation reac-
tions.56 In addition, a experiment, inoculated with different
bacterial density, indicated that a more rapid biological oxida-
tion process not only facilitated the transformation of Fe2+ to
Fe3+ but also signicantly accelerated the production of Fe-
mineral by A. ferrooxidans during 3 days (Fig. S4†).

Accelerated reaction can shorten the bio-mineralization
time. Except for bacterial density, oxidation rate may be
affected by several other factors, such as pH, temperature, Fe2+

or Fe3+ concentration, dissolved O2 (DO), and CO2 level in the
solution.34,57–60 Future studies are needed to examine the effect
of these factors on ZVI-A. ferrooxidans system. These results
illustrated a relationship between oxidation andmineralization,
Fig. 5 Amount and percentage of sulfate removal in A. ferrooxidans
system (ZVI) with or (CK) without zero-valent iron reduction, and (ZVC)
with zero-valent cooper reduction, respectively.

This journal is © The Royal Society of Chemistry 2019
which provided evidence for the determination of appropriate
frequency of ZVI addition.

Nutrition did not affect the removal of soluble TFe aer 14
cycles (31 days) treatment of ZVI (Fig. 6B). Because the density of
A. ferrooxidans cell declined (1.32 � 107 cell per mL) in
nutrition-free solution at the end of 3 cycles (9 days), Fe2+ was
not oxidized (1.05 g L�1) completely. Total of 2 mL suspend cells
(1 � 1010 cells) were inoculated into the nutrition free system
from ninth day aer removing ZVI powder by ltration per cycle
to compensate the loss of bacteria. Nutrition did not affect the
efficiency of biological mineralization, but nutrition did affect
bacteria density, which is crucial in determining the oxidation
and mineralization rates. In practical treatment projects, bio-
logical mineralization reaction process can be separated from
chemical reduction reaction process to lower ZVI toxicity for the
protection of A. ferrooxidans cells.

3.3 Sulfate and toxic metal removal in simulated AMD by
periodic ZVI treatment coupled with biomineralization

Compared with the control (AMD-CK) that was free of ZVI, cyclic
addition of ZVI signicantly decreased the concentrations of
free iron ion and sulfate in simulated AMD by promoting the
formation of iron-sulfate minerals (Fig. 7). At the end of the
reaction (aer 9 cycles), the removal efficiency of iron and
sulfate reached 83% and 63% in simulated AMD, respectively
(Fig. 7). The concentration of metal ions including Cu, Zn, Al,
and Mn in this trial did not affect the bio-oxidation and
RSC Adv., 2019, 9, 5083–5090 | 5087
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Fig. 7 Changes of total iron (A) and sulfate (B) before (initial) and after
(after reaction) in A. ferrooxidans system at the end of 21 days. (C)
Weight of mineral precipitate from A. ferrooxidans system. AMD-CK
and AMD-ZVI indicate synthetic acid mine drainage system (AMD-ZVI)
with or (AMD-CK) without periodic reduction by zero-valent iron
inoculated by A. ferrooxidans. The mean values of three replicates
followed by letters (a and b) in (A and B) indicated significance of
difference among the treatments (P < 0.05). The mean values of three
replicates followed by asterisk (*) in (C) indicated significance of
difference between two designated treatments (P < 0.05).

Fig. 8 (A) Content of metal (Cu, Zn, Al and Mn) in simulated AMD and
(B) mineral by ICP determination. The mean values of three replicates
followed by asterisk (*) in (B) indicated significance of difference
between two designated treatments (P < 0.05).
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hydrolytic mineralization mediated by A. ferrooxidans. Since
sulfate and iron ions precipitated in the form of mineral
precipitates, the high removal efficiency of both iron and sulfate
could be achieved when more Fe hydroxylsulfate precipitates
were generated. Extra introduction of iron by ZVI resulted in
higher production of precipitates, which in turn enhanced the
efficiency of sulfate removal.
5088 | RSC Adv., 2019, 9, 5083–5090
Metal ions (e.g., Zn, Al, and Mn) in simulated AMD did not
decrease signicantly aer periodic ZVI treatments, except for
Cu with the lowest concentration (Fig. 8A). Zn content in
precipitates obtained from simulated AMD in control and ZVI
system were 0.425 mg g�1 and 0.456 mg g�1, respectively
(Fig. 8B). The concentration of Zn was the highest in stimulated
AMD as compared to other metals. The removal of total Zn
reached 2.13 mg, which only accounted for 3% of its initial
quantity. This nding is consistent with previous reports by
Hedrich and Johnson,21 who described a modular bioremedia-
tion reactor system for the selective iron removal and precipi-
tation of schwertmannite from mine waters. They found that
some metals, such as Cu, Zn, Al, and Mn, remained in the
solution throughout the process and exhibited minimal
changes. It may be due to low pH (<2.5), ionic group (Fe3+, OH�

and SO4
2�) and structure of mineral crystal lattice.61,62 In addi-

tion, some investigations demonstrated that at relatively higher
pH (2.5–4.0), lesser amounts of other Fe-minerals (e.g., goethite)
was simultaneously formed along with the predominant
generation of schwertmannite, and trace levels of Zn, Ni and Co
(around at mmol g�1 concentrations) were accumulated in these
secondary iron-minerals.63,64 In fact, for the treatment of the real
AMD, once soluble total Fe is efficiently removed by ZVI-assisted
biomineralization process, other metal pollutants such as Cu2+,
Zn2+, Al3+, and Mn2+ can be readily removed by conventional
This journal is © The Royal Society of Chemistry 2019
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approaches, such as sulde precipitation (Cu, Zn), oxidation
(Mn), and neutralization.65 All of these ndings suggest that the
coupling of biomineralization and chemo-reduction could
selectively recover considerable amounts of soluble total iron
from AMD as the form of Fe hydroxylsulfate precipitates sepa-
rating from other metal ions in acidic solution.

4. Conclusion

In this study, a novel combined system of Fe2+ bio-oxidation by
A. ferrooxidans and Fe3+ chemo-reduction by ZVI was developed
for enhanced biomineralization efficiency in AMD. The
successive addition of ZVI into A. ferrooxidans-mediated bio-
mineralization could regenerate Fe2+ and restart the low-pH
Fe2+ bio-oxidation. Through this combined system, the
residual amount of soluble total iron in AMD was signicantly
decreased and, thus, the formation efficiency of secondary Fe-
minerals (e.g., schwertmannite) was improved accordingly.
Therefore, it is a promising approach to improve, to a great
extent, the subsequent lime neutralization efficiency through
this combined system for AMD treatment. For the scale-up
application of this ZVI-assisted biomineralization strategy for
treatment of real AMD, industrial scrap iron, may be chosen as
a potential reductive agent, instead of relatively expensive ZVI.
The practical treatment performance of the system described
here should be further evaluated.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was nancially supported by National Natural Science
Foundation of China (No. 21637003 and No. 21477054) and the
National Key R&D Program of China (2018YFD0800700).

References

1 R. A. Davis Jr, A. T.Welty, J. Borrego, J. A.Morales, J. G. Pendon
and J. G. Ryan, Environ. Geol., 2000, 39, 1107–1116.

2 J. S. España, E. L. Pamo, E. S. Pastor, J. R. Andrés and
J. A. M. Rub́ı, Environ. Geol., 2005, 49, 253–266.

3 A. Chen, C. Lin, W. Lu, Y. Wu, Y. Ma, J. Li and L. Zhu,
Chemosphere, 2007, 70, 248–255.

4 J. Oyarzún, D. Castillo, H. Maturana, N. Kretschmer, G. Soto,
J. M. Amezaga, T. S. Rötting, P. L. Younger and R. Oyarzún, J.
Geochem. Explor., 2012, 115, 47–58.

5 J. L. Kuang, L. N. Huang, L. X. Chen, Z. S. Hua, S. J. Li, M. Hu,
J. T. Li and W. S. Shu, ISME J., 2013, 7, 1038–1050.

6 A. K. Parbhakar-Fox, M. Edraki, K. Hardie, O. Kadletz and
T. Hall, J. Geochem. Explor., 2014, 137, 11–28.

7 S. Naidoo, Environment, Development and Sustainability,
2015, 17, 1045–1063.

8 A. Akcil and S. Koldas, J. Cleaner Prod., 2006, 14, 1139–1145.
9 A. H. Kaksonen, M. Riekkola-Vanhanen and J. A. Puhakka,
Water Res., 2003, 37, 255–266.
This journal is © The Royal Society of Chemistry 2019
10 V. R. K. Vadapalli, J. N. Zvimba, M. Mathye, H. Fischer and
L. Bologo, Environ. Technol., 2015, 36, 2515–2523.

11 A. Qureshi, Y. Jia, C. Maurice and B. Öhlander, Environ. Sci.
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