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Abstract: It is vital to remove cadmium from wastewater because of its potential harm to the natural
environment and human health. It was found that sulfate-reducing bacteria (SRB) had a good fixing
effect on Cd under a strict anaerobic environment. However, there are few reports on the immobiliza-
tion effect and mechanism of SRB on Cd in an anoxic environment. This study revealed the effects
of initial Cd?* concentration, initial 5042* concentration, temperature, pH, and C/N ratio on the
immobilization of Cd** by SRB in aqueous solution under an anoxic environment. The experimental
results showed that under the conditions of initial concentration of Cd?* within 0 mg/L~30 mg/L,
initial concentration of SO42~ within 1200 mg/L, temperature within 25 °C~35 °C, pH neutral,
and C/N ratio of 20:1, the immobilization rate of Cd** by SRB is above 90%. The characterization
results showed that bioadsorption and chemical precipitation were the main mechanisms of SRB
immobilization of Cd?* in an anoxic environment.
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1. Introduction

In recent years, with the rapid advancement of industrialization and urbanization
processes, heavy metal pollution, especially heavy metal pollution in water bodies, has
become a global environmental issue [1]. Among them, cadmium (Cd) is one of the heavy
metals with the greatest environmental impact [2]. Cd in water bodies mainly comes from
activities such as electroplating, paint pigments, batteries, fertilizers, and mining [3]. Cd
can accumulate in organisms through biological accumulation. Excessive intake of Cd
by humans can lead to various toxic effects on the bones, kidneys, liver, cardiovascular
system, endocrine system, and reproductive system, as well as carcinogenicity and genetic
diseases [4]. The World Health Organization specifies the allowable concentration of Cd in
drinking water as 0.003 mg/L, while China sets it at 0.005 mg/L [5]. Additionally, China
mandates a cadmium wastewater discharge standard of 0.1 mg/L. Therefore, it is necessary
to treat wastewater containing Cd before discharge.

Currently, various treatment technologies such as chemical precipitation, coagula-
tion/flocculation, ion exchange, electrodialysis, membrane filtration, adsorption, etc., have
been developed for the remediation of heavy metal pollution in water bodies [6]. The
microbial remediation of heavy metals is widely utilized by scientists due to its high cost-
effectiveness, environmental friendliness, and simplicity of operation. Microorganisms
have the capability to alter the form of heavy metals present in the environment by influenc-
ing their chemical or physical properties. This enables them to convert heavy metals into
less toxic oxidation states or reduce their mobility, thereby achieving the immobilization or
removal of heavy metals from water bodies or soil. Among the myriad of microorganisms
involved in heavy metal removal, biogenic sulfide precipitation technology, combining
mechanisms such as biosorption, bioaccumulation, and bioprecipitation, has emerged as
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an effective solution for removing toxic heavy metals (including Cd) from wastewater [7].
Compared to traditional methods, this approach offers economic, efficient, and stable
removal of heavy metals. Sulfate-reducing bacteria utilize sulfate as a terminal electron
acceptor, metabolizing organic substrates under anaerobic conditions to convert sulfate
to sulfide, which then forms stable precipitates when combined with heavy metals [8].
Li et al. [9] demonstrated that sulfate-reducing bacteria (SRB) achieve removal rates of com-
mon heavy metal ions (such as Cd, Cu, and Pb) in wastewater of over 94%. Dong et al. [10]
found that by adding SRB to acid mine drainage (AMD) containing varying concentrations
of Fe, Mn, and Cu, SRB maintained high removal rates of Fe within the concentration range
of 0-300 mg/L. Over the past few decades, SRB processes have been widely applied in
treating industrial wastewater containing high concentrations of heavy metals and sulfates
generated from industries such as pulp and paper, textile, mining, and papermaking [11].

It is generally believed that sulfate-reducing bacteria (SRB) are strictly anaerobic
organisms. However, recent studies have confirmed that sulfate reduction can occur
in aerobic environments. For instance, some SRB oxidize polyglucose to produce ATP,
thereby minimizing oxidative stress, which is considered a mechanism for SRB survival
in aerobic environments. These SRB can quickly restore sulfate reduction activity upon
transition from aerobic to anaerobic environments [12,13]. Desulfuromonas, isolated from
microbial mats in saline environments, exhibits rapid growth rates when exposed to aerobic
conditions, indicating its ability to grow using oxygen. However, there is limited research
on the growth mechanism of SRB in anoxic environments and their mechanisms of bio-
immobilization of Cd. This is mainly because the addition of oxygen makes the respiratory
mechanism of SRB more complex compared to anaerobic environments [14]. The biological
stabilization mechanism of SRB in aerobic environments is not fully understood, limiting
their application in aerobic environments.

This study inoculated cultivated sulfate-reducing bacteria (SRB) into anoxic environ-
ments containing heavy metal Cd. By varying factors such as pH, temperature, initial
SO,42~ concentration, initial Cd?* concentration, and C/N ratio, the study examined the
effects of these factors on SRB growth under anoxic conditions, as well as the behavior and
mechanisms of SRB in immobilizing Cd?*.

2. Materials and Methods
2.1. Source and Cultivation Conditions of SRB

In this study, the sulfate-reducing bacterial strain (Desulfovibrio desulfuricans subsp.
Desulfuricans) was provided by the Key Laboratory of Biometallurgy of the Ministry of
Education at Central South University. After activation, the strain was enriched in anaerobic
bottles using modified Baar’s sulfate-reducing medium [15]. The composition of the
medium is as follows: MgSOy (2 g/L), sodium citrate (5 g/L), CaSO4-2H,0 (1 g/L), NH4Cl
(1 g/L), KaHPO4 (1 g/L), sodium lactate (3.5 g/L), and yeast extract (1 g/L). The pH was
adjusted to 7.0-7.5, and the medium was sterilized at 121 °C for 30 min. After inoculating
the strain, 2% (v/v) of autoclaved ferrous ammonium sulfate solution (Fe(NHyg)2(SO4),) (5%)
was added. In the anaerobic glove box, 300 mL of the medium was transferred into a 500 mL
anaerobic bottle. Subsequently, 10% (v/v) of the bacterial suspension was inoculated, and
the bottom of the bottle was purged with N before and after inoculation to remove air as
much as possible. The anaerobic bottles were then placed in an oscillating incubator set at
30 °C and 160 r/min for 5 days. After cultivation, the bacterial suspension was used for
subsequent Cd?* immobilization experiments. The chemicals used in this study were all
purchased from China National Pharmaceutical Group and were of analytical grade.

2.2. Biological Immobilization of Cd** by SRB under Anoxic Conditions

The immobilization experiments were conducted in 500 mL anaerobic bottles within an
oscillating incubator. The experiment investigated the effects of initial Cd?>* concentration
(10 mg/L to 40 mg/L), initial SO4%>~ concentration (800 mg/L to 2000 mg/L), temperature



Water 2024, 16, 1086

3o0f14

(20 °C to 35 °C), initial pH (4.5 to 7.5), and C/N ratio (20:3 to 20:1) on the immobilization of
Cd?* by SRB under anoxic conditions [16].

Under room temperature conditions, a solution containing a certain concentration of
Cd?* was prepared using Cd(NOs),, and a certain amount of Cd** solution was added to
300 mL of medium in the anaerobic bottle, which was then placed in the anoxic chamber.
The bottle was purged with high-purity N; for 3 min, sealed with blue butyl rubber and
aluminum caps to establish an anoxic environment [17]. After inoculating with 30 mL
of cultured bacterial suspension, the bottles were transferred to the oscillating incubator
(with a speed of 160 r/min). Subsequently, no additional nutrients were added to the
medium. During the experiment, 20 mL of liquid samples were collected every 24 h,
seven times in total. The collected samples were centrifuged at high speed (4000 r/min),
and the supernatant was collected to measure the Eh, pH, bacterial concentration (OD600
value), SO42~ concentration, and Cd?* concentration in the solution. Each experiment was
performed in triplicate.

2.3. Characterization of Metallic Precipitates

The bacterial suspension collected after 7 days of cultivation was centrifuged in a high-
speed centrifuge for 10 min at 8000 r/min to separate the solid and supernatant. The solid
was washed repeatedly with deionized water and then placed in a vacuum freeze-dryer for
24 h to dry [10]. Then, the dried precipitation was tested by SEM-EDS and XPS.

2.4. Analytical Methods

The pH and Eh were measured using a pH meter (Leici PHS-3C). The concentration
of SO42~ was determined using the barium chromate spectrophotometric method. The
OD600 value was determined using a UV-visible spectrophotometer. The concentration of
Cd?* was determined using a flame atomic absorption spectrometer. Surface morphology
and structure were observed using scanning electron microscopy (SEM, Helios NanoLab
G3 UC or Quanta FEG 250, FEI, Lausanne, Switzerland) and energy-dispersive X-ray
spectroscopy (EDS). The surface chemical composition and state of SRB before and after
Cd?* immobilization were analyzed using X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher, Oxford, UK).

3. Results and Discussion
3.1. Analysis of Factors Influencing the Immobilization of Cd** by SRB

3.1.1. The Influence of Initial Cd?>* Concentration on the Immobilization Performance
of SRB

The Cd?* in the solution can disrupt microbial cell wall synthesis, respiratory chain
function, and metal ion homeostasis, leading to oxidative stress, DNA damage, and energy
metabolism disorders, ultimately causing extreme cytotoxic effects [18]. As shown in
Figure 1a,b, with the increase in SRB cultivation time, the pH of the solution gradually
increases from 6.5 to around 7.3, while the Eh value shows a decreasing trend. This is
because during the sulfate reduction process, SRB oxidize organic carbon to produce
HCOg37, causing the pH of the solution to increase [19]. In Figure 1c, the trend of OD600
changes indicates rapid growth of SRB within 24 h after inoculation, with a significant
increase in bacterial concentration. However, bacterial growth slows down from day 2 to
day 7. Moreover, the higher the initial Cd?%* concentration, the lower the final OD value
(Figure 1c), which may be attributed to the inhibition of SRB growth under high Cd**
concentration stress. Liu et al. [20] proposed that in environments with low concentrations
of Cd?*, the permeability of SRB cells slightly increases, making it easier for nutrients in
the medium to be absorbed. However, when the Cd?* concentration increases to a certain
level, the cell membrane of SRB is severely damaged, limiting bacterial growth. As shown
in Figure 1le, when the initial Cd?>* concentration is less than 30 mg/L, SRB show high
removal efficiency for Cd, reaching over 94% within 7 days. However, when the initial
Cd?* concentration is 40 mg/L, the removal rate of Cd decreases to below 80%. The initial
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concentration of heavy metal ions has a significant impact on microbial activity. Under
high Cd?* concentrations, bacterial enzymes are damaged and inactivated [21], reducing
their reduction capacity, ultimately leading to lower removal rates of SO4%~ (Figure 1d)
and Cd?* (Figure 1e).
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Figure 1. Effect of Cd>* concentration on SRB growth and Cd?* immobilization, (a) pH, (b) Eh,

(c) OD600, (d) SO42~ removal rate, () Cd2* removal rate.

3.1.2. The Influence of Initial SO42~ Concentration on the Immobilization Performance
of SRB

Under conditions with a pH of 6.5, the influence of SO4>~ concentration on SRB-
mediated Cd removal was investigated, and the results are depicted in Figure 2. Under
different SO42~ concentration conditions, the pH during microbial growth exhibited an
increasing trend (Figure 2a). The results indicate that within 3 days of inoculation with SRB,
the pH of the solution increased from 6.5 to 7.0-7.4, while the pH remained relatively stable
from day 3 to day 7. This could be attributed to the reduction in sodium lactate, which
provides electrons for sulfate reduction, during the sulfate reduction process, leading to
a decrease in HCO3 ™~ production and an increase in acetic acid content [22]. The OD600
measurement results showed that the highest OD600 value was observed when the initial
SO42~ concentration was 1200 mg/L, reaching 0.82, indicating optimal SRB growth under
this condition (Figure 2c). The removal efficiency of Cd** by SRB exhibited an increasing
trend followed by a decrease with increasing initial SO4%~ concentration (Figure 2e). Specif-
ically, when the initial SO42~ concentration was 1200 mg/L, SRB exhibited the best removal
efficiency for Cd?*, with a removal rate of 99.42% after 7 days. However, when the initial
SO4%~ concentration was 800 mg/L, the removal rate was only 82.47%. This may be related
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to the COD/SO,2™ ratio, as previous studies have shown that the initial COD/ S042~ ratio
is one of the key factors affecting SRB growth. When the initial COD/SO,4?" ratio is 3, the
production of ATP in SRB and the removal efficiency of heavy metals are both higher than
those at other ratios [23,24]. Therefore, both excessively high and low SO42~ concentrations
can lead to a decrease in SRB’s ability to remove Cd. This experiment identified the optimal
initial SO4>~ concentration as 1200 mg/L.
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Figure 2. Effect of SO, concentration on SRB growth and Cd?* immobilization, (a) pH, (b) Eh,
(c) OD600, (d) SO42~ removal rate, () Cd%* removal rate.

3.1.3. The Influence of Temperature on the Immobilization Performance of SRB

Microbial cell growth involves a series of enzyme—catalyzed reactions, and excessively
high or low temperatures can inhibit the activity of certain enzymes in these cells. This
can have adverse effects on cell growth and product synthesis, leading to changes in
morphology, metabolism, and microbial toxicity, and even cell death [25]. The growth
status of SRB, as well as the removal rates of SO42~ and Cd?* at different temperatures, are
depicted in Figure 3. Under each temperature condition, the pH of the solution showed a
gradual increase with the growth of the bacterial strains, with the most significant increase
observed at 30 °C (Figure 3a). This is mainly because SRB exhibit high growth activity and
a large population size at this temperature, resulting in higher metabolic alkalinity [26].
Figure 3c indicates that the OD600 value of the solution was lowest at 20 °C and highest
at 30 °C, further suggesting optimal SRB growth conditions at this temperature, which is
consistent with the findings reported by Sokolova [27]. There were no significant differences
in SRB activity and their removal rates of SO42~ (Figure 3d) and Cd?* (Figure 3e) observed
at temperatures between 25 °C and 35 °C. At 35° C, the removal rates of SO42~ and Cd?*
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were the highest, reaching 66.81% and 96.11%, respectively. However, at 20 °C, the removal
rate of Cd?* by SRB was less than 90%. This may be because low temperatures reduce the
activity of SRB cell membrane proteins, limiting the transport capacity of the cell membrane
for electron donors and acceptors, thereby affecting metabolism [16]. Therefore, this study
identifies the optimal temperature range for SRB-mediated Cd?* immobilization as 25 °C
to 35 °C.
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Figure 3. Effect of temperature on SRB growth and Cd?* immobilization, (a) pH, (b) Eh, (c) OD600,
(d) SO42~ removal rate, (e) Cd?* removal rate.

3.1.4. The Influence of Initial pH on the Immobilization Performance of SRB

Environmental pH is one of the major factors strongly influencing microbial metabolic
activities and bacterial communities, and the transport of nutrients into and out of bacterial
cells is usually determined by pH [28]. As indicated in Figure 4, SRB activity (Figure 4c)
and its efficiency in removing Cd?* (Figure 4e) exhibit high sensitivity to pH. Experimental
results demonstrate that at neutral pH levels of 6.51 and 7.13, the pH (Figure 4a) and Eh
(Figure 4b) of the solution remain relatively stable, and SRB exhibit high removal rates for
both SO42~ (Figure 4d) and Cd?* (Figure 4e). Under these two pH conditions, after 7 days
of testing, the removal rates of S042~ were 64.99% and 89.51%, respectively, while the
removal rates of Cd** were 94.08% and 96.57%. At a pH of 4.62, significant differences were
observed compared to neutral conditions. By the seventh day, the pH had risen to 6.21, the
Eh had decreased from 100 mV to —10 mV, and the removal rates of SO42~ and Cd%* were
only 36.61% and 25.89%, respectively. Figure 4c indicates that the growth level of SRB at
initial pH levels of 6.51 and 7.13 is significantly higher than at the two lower pH levels. On
one hand, at lower pH levels, active sites are protonated, and SRB surfaces carry positive
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charges, leading to competition between H*(or H30%) and metal cations for binding sites.
As the pH increases, SRB surfaces carry more negative charges, resulting in an increase in
the bioadsorption of positively charged metal ions [29]. On the other hand, the metabolic
byproducts of SRB have potential toxicity in acidic environments (such as hydrogen sulfide
and organic acids), and at low pH levels, the high solubility of Cd?* in the solution can
lead to enzyme inactivation and protein denaturation within the bacteria [30,31]. These
experimental results suggest that the optimal pH for SRB growth is between 6.5 and 7.1,
and SRB are not suitable for the biological fixation of Cd** at lower pH levels [32].

8.0 120

(a) wls (b) o pH=4.62
751 by PY . * . : 4 3 4 pH=533
7Y vy vor T o L) . pﬂj’%
sl 3 v I i i 1 74 60 | 3 A . pH=T.
- - A iy SE\ 40 F A 3
6.0 [ A E 20} ¢ 4
=5 . =
sst = or I A e
A ° v
by 20} N
50F . ° sl ¢t ¥ v 1
a5k ® 3 e pH=4.62 4 pH=533 DD ST T 4 3
v pH=651 + pH=7.13 60 ¥
golo e sl
o 1 2 3 4 5 6 1 8 o 1 2 3 4 5 6 1 8
Time (d) Time (d)
0.7 110
(c) 1o} (d)

! //'/\
> v~

05F s 7

. 80

60 |

02} .
— e

0.1

ODM]I]
=l =
w —
\ \
I
SO,Z removal efficiency (%)
&

—e—pH=4.62 —s—pH=5.33

ool —v—pH=6.51 —¢— pH=7.13 of
0 1 2 3 4 5 6 1 8 0o 1 2 3 4 5 6 1 8
Time (d) Time (d)
110
10} (€)

80

60 F —e— pH=4.62
—+—pH=5.33
—— pH=6.51
4or —+—pH=T7.13

20

Cd removal efficiency (%)

oF

Time (d)

Figure 4. Effect of pH on SRB growth and Cd** immobilization, (a) pH, (b) Eh, (¢) OD600, (d) SO42~
removal rate, (¢) Cd%* removal rate.

3.1.5. The Influence of Carbon-to-Nitrogen (C/N) Ratio on the Immobilization
Performance of SRB

Carbon (C) and nitrogen (N) are crucial nutrients for all organisms, and maintaining
an appropriate balance in their metabolism is essential for optimal cell growth [33]. As
shown in Figure 5a—c, under five different C/N ratio conditions, after 7 days of microbial
remediation, the pH of the solution increased from weakly acidic to neutral (Figure 5a).
At the same time, the Eh showed a decreasing trend (Figure 5b). OD600 measurements
revealed that the most favorable C/N ratio for SRB growth was 40:3. Carbon (C) and
nitrogen (N) are crucial nutrients for all organisms, and maintaining an appropriate balance
in their metabolism is essential for optimal cell growth [33]. As shown in Figure 5a-c,
under five different C/N ratio conditions, after 7 days of microbial remediation, the pH
of the solution increased from weakly acidic to neutral (Figure 5a). At the same time, the
Eh showed a decreasing trend (Figure 5b). OD600 measurements revealed that the most
favorable C/N ratio for SRB growth was 40:3 (Figure 5c). Figure 5d,e demonstrate that
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when the C/N ratio was 40:3, SRB exhibited the highest removal rates for S042~ and Cd%*,
reaching 68.89% and 99.36%, respectively, on the seventh day. Conversely, when the C/N
ratio was 20:1, the removal efficiencies of SRB for SO,%2~ and Cd?** were the lowest, at
59.81% and 92.81%, respectively, on the seventh day. Moreover, excessively high (20:1) or
low (20:3) C/N ratios both restricted SRB growth and affected the removal efficiencies of
50,42~ and Cd?*. Since C and N are the most abundant elements in cells, coordination
mechanisms are required to avoid inefficient metabolism. Nitrogen assimilation depends
on the availability of the carbon skeleton in biosynthesis. Therefore, a limitation or excess
supply of one element strongly affects the metabolism of the other [34]. According to the
“stoichiometric decomposition theory” and the “microbial nitrogen acquisition hypothesis,”
microbial activity is maximized, and decomposition rates are highest when the input of C,
N, and substrate matches microbial demand, corresponding to the stoichiometric ratio of
C and N [35,36]. Therefore, adding organic matter with an appropriate C/N ratio to the
growth medium of SRB can enhance their metabolic capacity in heavy metal environments
and improve their efficiency in metal immobilization. Under the five different C/N ratio
conditions in the experimental design, the fixation efficiency of SRB for Cd** was above
90%, indicating a certain tolerance of this SRB strain to changes in the C/N ratio in a
cadmium—containing environment. This result may suggest that the strain of SRB can
flexibly regulate metabolic pathways under different carbon-to-nitrogen ratios to adapt to
the presence of cadmium ions in the environment.
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Figure 5. Effect of C/N ratio on SRB growth and Cd?* immobilization, (a) pH, (b) Eh, (c) OD600,
(d) SO4%~ removal rate, (¢) Cd%* removal rate.
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3.2. SEM-EDS Analysis

Through SEM-EDS analysis, the morphological structure and chemical composition
of SRB before and after Cd?* fixation are shown in Figure 6. SEM images reveal that the
surface of unreacted SRB (Figure 6a) is smooth with well-developed pore structures and
abundant active adsorption sites, facilitating the adsorption of Cd?* into the interior of SRB.
After the reaction, the surface of SRB (Figure 6b) becomes rough with numerous folds, and
elliptical insoluble substances can be clearly observed blocking surface pores, indicating
the adsorption of substances onto the SRB surface. The EDS spectra clearly demonstrate
that the main elements in SRB are C, N, and O, with elemental contents of 57.65%, 15.61%,
and 23.28%, respectively. Additionally, there are trace amounts of P and S. In the EDS
spectrum after the reaction (Figure 6b’), the presence of Cd is detected (with a content of
1.91%), confirming that the substance adsorbed on the surface of SRB is a Cd-containing
precipitate. Based on these results, it is inferred that a precipitation reaction occurs during
the process of SRB fixing Cd?*, as shown in Equations (1) and (2):

Cd*" +H,S — CdS | +2H™ (1)

Cd** +20H™ — Cd(OH), | )

Elements
C 57.65

Counts

»w w0 Z
9
@
i
13

0 2 4 6 8 10
Energy(keV)

Cd

4
Energy(keV)

Figure 6. SEM images and EDS spectra before and after Cd?%* immobilization by SRB, (a)/(a’) original
SRB bacteria, (b)/(b”) products after immobilization.
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These equations illustrate the process of Cd?* being adsorbed onto SRB surfaces and
forming CdS and Cd(OH); precipitates.

3.3. XPS Analysis

Further investigation using XPS explored the surface chemical composition and bind-
ing forms of precipitates before and after SRB fixation of Cd. As shown in Figure 7a, atomic
orbitals identifiable both before and after SRB fixation of Cd include C 1s, O 1s, N 1s, P 2p,
and S 2p. In the scan spectrum after SRB fixation of Cd, characteristic peaks of Cd 3d can
be clearly identified, and the binding energy of these peaks is around 405 eV, close to the
characteristic peak of N 1s. Combining Figure 7b,c, it can be observed that the peak nearly
overlapping with the N 1s characteristic peak is Cd 3d5/2, indicating the immobilization
of Cd?* by SRB.

() (b)
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& &
)
= Before ‘E
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k=1 S2p g
=} =}
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Figure 7. XPS analysis before and after Cd?* immobilization by SRB, (a) full spectrum, (b) N 1s
orbital spectrum, (c) Cd 3d orbital spectrum.

Figure 8 depicts the XPS spectra of C 1s, O 1s, P 2p, and S 2p orbitals before and after
SRB fixation of Cd. Before and after immobilization, the C 1s orbitals exhibit three peaks,
with the binding energies of C—O and C—C increasing from 286.18 eV to 286.38 eV and
from 284.68 eV to 284.78 eV, respectively, while that of C=O decreases from 287.98 eV to
287.78 eV. This indicates the involvement of carbon groups in the SRB fixation process of
Cd. Observation of the O 1s XPS spectra reveals an increase in the binding energies of all
three peaks after immobilization compared to before, indicating that oxygen atoms can
act as electron donors during Cd immobilization processes [37]. The P 2p spectrum can be
divided into two components at 132.68 eV and 133.38 eV, attributed to P—C and O=P(OR)3,
respectively [38]. The changes in the peak areas of these two functional groups before and
after the reaction suggest their involvement in Cd?* fixation. The S 2p orbital spectrum
before SRB immobilization of Cd consists of four peaks attributed to SO42~ (168.08 eV),
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Sn2~ (163.88 eV), S,2~ (163.08 eV), and S?~ (162.28 eV). After the reaction, the content
of SO42~ and S,?~ decreases significantly, while that of S,2~ and S?~ increases, further
confirming the fixation of Cd** by SRB and the formation of S—containing precipitates.
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Figure 8. XPS analysis before and after Cd?* immobilization by SRB, (a,c,e,g): Cls, O 1s, P2p, S2p
orbital spectra before Cd?* immobilization; (b,d,fh): Cls, O 1s, P2p, and S2p orbital spectra after

Cd?* immobilization.
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4. Conclusions

Given the potential hazards of Cd to the natural environment and human health,
as well as the unclear understanding of the survival status of sulfate-reducing bacteria
(SRB) and its Cd removal mechanism under anoxic conditions, we conducted a systematic
study on the immobilization of Cd by SRB in wastewater. The optimal conditions for SRB-
mediated Cd?* immobilization in anoxic environments were obtained through conditional
experiments in this study. By characterizing the metal precipitates, the immobilization
mechanism was elucidated. The main conclusions obtained are as follows:

(1) Under anoxic conditions, SRB demonstrates excellent immobilization efficiency for
Cd?* after enrichment cultivation in modified Baar’s sulfate medium. When the initial
Cd?* concentration does not exceed 30 mg/L, the initial SO42~ concentration is 1200
mg/L, the temperature ranges from 25 °C to 35 °C, the pH is neutral, and the C/N
ratio is 20:1, the fixation rate of Cd?* by SRB exceeds 90%, and the SRB strains exhibit
robust growth.

(2) SEM-EDS and XPS analyses reveal that functional groups containing C, O, P, and S on
SRB are involved in the immobilization process under anoxic conditions. Additionally,
a precipitation reaction occurs during the immobilization of Cd?* by SRB, resulting
in the formation of CdS and Cd(OH),. Therefore, the primary mechanism of SRB
immobilization of Cd** under anoxic conditions involves both biological adsorption
and chemical precipitation.
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