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Abstract

Immobilized sulfate-reducing bacteria (SRB) in polyvinyl alcohol (PVA)-sodium alginate matrix
were applied as biosorbents to remove cadmium (Cd) from aqueous solutions. Multiple characterization
techniques including scanning electron microscope (SEM)-energy dispersive spectrometer (EDS), and
Fourier transform infrared (FT-IR) spectra indicate that immobilized beads provided a suitable micro-
environment for SRB. Performance tests show that Cd removal was highly affected by pH value and
temperature, with optimum temperature at 35°C and pH value of 8.0. A pseudo second-order model was
applied to describe the adsorption kinetic. FT-IR and x-ray photoelectron spectroscopy (XPS) analyses
imply that biosorption, sulfide, and hydroxide precipitation are the main mechanisms for removing Cd.

The immobilized SRB beads have great potential for remediating Cd-containing wastewater.
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Introduction metals has posed a serious challenge to environmental

protection. Among heavy metals, cadmium (Cd) is

Owing to the rapid development of industry, the one of the most hazardous materials affecting the
resulting huge amount of wastewater containing heavy environment [1]. As an element of multiple industrial

purposes, Cd is widely used in modern industries such
as nickel-cadmium batteries, pigments, alloys, phosphate
fertilizers, pesticides, textile operations, metal plating,
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and refining industries [2-3]. According to World Health
Organization guidelines, the permissible Cd content of
drinking water is 0.003 mg/L [4-5]. Excessive discharge
of Cd into waterways by various industrial activities
endangers the environment and human health due to its
toxicity, even at low concentrations, bioaccumulation
tendency, and persistency in nature [6]. It is reported that
excessive Cd ingestion can lead to severe human illness
such as kidney disease, skeletal damage, or even cancer
[7]. Hence, it is necessary to treat the wastewater before
discharge.

A variety of treatment technologies such as chemical
precipitation, coagulation/ flocculation, ion exchange,
solvent extraction, membrane filtration, and adsorption
have been developed for Cd removal [8]. Among various
Cd removal techniques, biological sulfate reduction,
which combines biosorption, bioaccumulation, and
precipitation in one technique, has emerged as an effective
solution for removing toxic heavy metals (including Cd)
from wastewater [9]. In comparison with conventional
approaches, it was cost-effective, efficient, and stable
for heavy metals removal. The use of sulfate-reducing
bacteria (SRB) in anaerobic sulfate reduction not only
is capable of removing heavy metals (including Cd),
but also is efficient in removing sulfate and organic
carbon, which are typical pollutants in acid mine
drainage [10]. The SRB can reduce sulfate to sulfide,
which is an efficient precipitant to form metal sulfide of
low solubility [11-13]. Therefore, the SRB may provide an
excellent choice for removing toxic Cd from the aqueous
phase.

However, traditional heavy metal removal processes
via SRB have several shortcomings, including low metal
concentration tolerance in the medium aqueous solution,
poor cell retention within continuous bioreactors, and
vulnerability to environmental factors, etc. [14-16].
Biological immobilization approaches involved with
a gel-like medium that retains the SRB in a particular
space have attracted increasing attention for their high
efficiency, strong reactivity, and stability [17-18]. In this
sense, theoretically, Cd toxicity in the aqueous solution
could be reduced, hence improving Cd ** removal
capacity. However, very few studies have been carried
out to investigate the application of immobilized SRB for
biogenic Cd removal.

In this work, immobilization of a non-traditional
SRB in a polyvinyl alcohol (PVA) gel matrix was applied
to remove Cd from aqueous solution. Moreover, the
effects of pH and temperature on Cd*" removal were
investigated. The biosorption kinetics of Cd removal
in immobilized beads was also examined. Scanning
electronic microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and x-ray photoelectron
spectroscopy (XPS) were applied to explore the Cd
removal mechanism.

Materials and Methods
Preparing Immobilized Beads

Analytical-grade chemicals and reagents were used in
all the experiments unless otherwise specified. SRB were
prepared as described previously [19]. Briefly, culture
media of SRB were composed of (per liter of deionized
water): 0.5 g Na,SO,, 2.0 g MgSO,, 1.5 ¢ KH,PO,, 0.1g
NH,CI, 0.5g cysteine hydrochloride, 1 g yeast extract,
0.1 g CaCl,, 0.3 g sodium citrate, 0.1 g ascorbic acid,
and 2.0 g sodium lactate. The PVA (with 99.4-99.8%
saponification), sodium chloride, sodium alginate, and
silica used in this study were supplied by Damao chemical
reagent factory (Tianjin, China). A filter-sterilized
solution of Cd(NO,), (AR Grade, Guangdong Analysis
and Testing Center, China) was used as the source of Cd.
All other chemicals used in this study were supplied by
Zhiyuan chemical reagent factory (Tianjin, China).

The immobilized bacteria used were described
elsewhere [13], and immobilized beads were prepared by
an entrapping method [20]. Immobilization of biomass
via entrapment was carried out as follows: Firstly, the
polyvinyl alcohol solution (6%, w/v), silica solution (3%,
w/v), and sodium alginate solution (0.5%, w/v) were
dissolved in deionized water and mixed thoroughly.
Secondly, activated carbon solution (1%, w/v) and SRB
diluted solution (35%, w/v) were added into the colloid
and mixed evenly at 40°C. The alginate-biomass mixture
was then injected with a 10 ml syringe into a 100 ml
CaCl, (1%, w/v) solution for polymerization.

Biosorption Experiments

We conducted biosorption experiments including
influencing factors of pH and temperature, the kinetics
and isotherms. During each test, | g beads (dry weight)
containing 0.015 g SRB (dry weight) were added to a flask
containing 100 ml of Cd-bearing solution. Temperature
was controlled by shaking Baths (Jintan, SHZ-88,
China), and pH value was adjusted with 0.01 M HCI and
0.01 M NaOH. Samples were taken after 24 h reaction.
All adsorption experiments were conducted in triplicate.
Mean value and standard deviation of the results were
calculated to obtain reliable data. Cd concentration was
determined by flame atomic absorption spectrometry
(FAAS, TAS990, China).

Calculation

The metal uptake capacity ¢, (mg-g') was calculated
by the following mass balance equation:
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Fig. 1. Effect of pH on Cd removal using PVA-SRB beads.

..where C, was the initial Cd concentration
(mg-g"), C, was the Cd concentration at equilibrium
(mg-g"), V was the volume of solution (L), and m was the
dry weight of SRB (g).

For biosorption kinetics, several kinetic models,
including Lagergren pseudo first-order (LPFO), Lagergren
pseudo second-order (LPSO), and intraparticle diffusion
model (IPD) were used to describe the Cd removal
dynamic over the entire reaction time. The relevant
equations are generally expressed as follows [21]:
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...where g, and ¢, are the removal amounts at equilibrium
and time 7 (mg g"), k, is the LPFO constant (min™), , is
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Fig. 2. Effect of temperature on Cd removal using PVA-SRB
beads.

the LPSO constant (g'mg"min™), &, is the IPD constant
(mg-g’'min'?), and C is a constant. The corresponding
rate constants and coefficients for Eqs 2-4 were calculated
through linear fitting of /n(g -g,) versus time ¢, #/q, versus
time ¢, and g, versus time #', respectively.

For isotherm tests, Langmuir (Eq. (5)) and Freundlich
(Eqg. (6)) models were used to describe the adsorption
isotherms:
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Table 1. Kinetic parameters of LPFO, LPSO, and IPD for Cd
removal by immobilized SRB.

Table 2. Isotherm parameters of the Langmuir and Freundlich
models.

IPD
Coefficients | LPFO LPSO | Phase | Phase | Phase
1 2 3

k, 7.87x103 - - -

. 119.22 - - -

k, - 1.14x10* - -

. - 183.49 - -
k, - - 23.19 | 2.35 | 0.047
C - - -6.13 | 116.31| 173.72
R’ 0.98 0.99 099 | 095 | 095

...where @ is the saturated monolayer sorption capacity
(mg/g) and K, is the Langmuir isotherm constant that
relates to the energy of adsorption (L/mg).

1

= K.C"
e = Bt ©)

...where K and n are the Freundlich constants related to
the adsorption amount and adsorption intensity of the
sorbent, respectively.

Characterizing Immobilized SRB

The morphology of immobilized beads before and
after Cd removal was characterized by scanning electron
microscope (SEM) and energy dispersive spectrometer
(EDS) (JSM7001F, JEOL Ltd., Japan). FTIR Spectra of
Cd biosorption on immobilized beads were recorded
using an FTIR spectrometer (Tensor27, Bruker, Germany)
equipped with a KBr beam splitter and a DTGS detector.
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Fig. 4. The fitting of the Langmuir and Freundlich isotherm
models.

Coefficients Langmuir Freundlich
0O, (mg-gh) 160.0 -
K, (L'mg") 0.095 -

K, - 55

n - 5.25

R’ 0.97 0.79

X-ray diffraction (XRD) analysis was carried out on a
PW3040/60(PANalytical, Neitherland) analyzer. X-ray
photoelectron spectroscopy (XPS) was carried out
with monochromatic Al Ka radiation (Av = 1486.6 €V,
Kratos Axis Ultra, Japan) to identify the element and
compounds of the adsorbents. All binding energy (BE)
was referenced to 284.6 eV of C 1s peak [22].

Results and Discussion
Effect of pH and Temperature

The removal of Cd was low at pH 2.0 and then
improved with the increasing pH from 2.0 to 8.0,
reaching a peak capacity of 175.3 mgg' at pH 8.0
(Fig. 1). A further increase in pH to 9.0 led to a slight
decline in Cd removal to 174.3 mgg'. The reaction
pH significantly affecting the activity of SRB and the
solubility of sulfide [23] plays an important role in the
bioprocess of removing heavy metal [24]. This is because
the activity of bacteria was inhibited at low pH [13, 25].
In addition, under low pH (<7.0), most sulfide exists in
the form of H,S, which may strongly affect the SRB
and is ineffective in precipitation of Cd. With increased
pH from 2.0 to 8.0, the activity of SRB became higher.
Furthermore, under pH above 8.0, the sulfide exists
mainly in the forms of HS- and S*, which are effective
in removal of metal ions, including Cd via precipitation.
Therefore, the precipitation of cadmium ions and
biosorption of Cd played synergetic roles for cadmium
removal from aqueous solution with increased pH values.
However, sulfate reduction by SRB would be restrained
due to pH value beyond optimum range, and the role
of bio-precipitation was partly offset [26]. Therefore, a
little descent in Cd biosorption capacity was observed at
pH O.

The effect of temperature on Cd removal was
also investigated. The Cd removal capacity increased
from 84.5 mgg!' to 148.0 mgg', when temperature
increased from 10°C to 35°C, and decreased slightly
to 1459 mgg' when the temperature was raised
further up to 40°C (Fig. 2). Removal capacity of the
immobilized SRB increased with the rise of temperature
due to enhanced protonation and deprotonation rate
of functional groups, together with increased activity
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Fig. 5. SEM photographs of immobilized beads: a) and b) were the surface and cross-section photograph of blank beads, c¢) and d) were
the surface and cross-section photograph of immobilized beads after biosorption.

of SRB at higher temperature [27]. However, it has
been revealed that when the temperature is higher than
35°C, the activity of SRB can usually be inhibited
because of protein denaturation and inactivation of
bacteria [28]. Our findings are consistent with previous
reports (Fig. 2).

Biosorption Kinetic Study

All three kinetic models (LPFO, LPSO and IPD) were
well fitted to the Cd removal profile by immobilized
SRB (Fig. 3). The highest goodness of linear fitting
was achieved by LPSO, followed by LPFO and IPD
models (Table 1). It is usually revealed that LPSO was
most appropriate to describe biosorption [29-30] and
physicochemical adsorption [31] kinetics for heavy
metals removal. The Cd removal capacity (119.22 mg-g?,
Table 1) calculated via LPFO fitting accounted for 70%
of the maximum experimental one (169.21 mg-g"), while
the calculated Cd removal capacity accounted for 108%
of the maximum experimental one, which is close to the
actual experimental outcome, further indicating that
the LPSO model best described the Cd adsorption by
immobilized SRB.

For the IPD kinetic model, the biosorption process
can be divided into membrane diffusion phase, internal
diffusion phase, and biosorption reaction stage, and total
biosorption rate was mainly controlled by membrane
diffusion, internal diffusion, or both [32]. Our results
were closely in line with this three-stage adsorption
hypothesis (Fig. 3c). In order to further investigate the

biosorption mechanism of immobilized SRB for TI
removal, the kinetic data were fitted with IPD. In this
study, the rate parameter (k,) in Phase 1 is greater than
that in the latter two phases, which implies that the
membrane diffusion phase was the rate-determining step
for Cd removal by immobilized SRB (Table 1).

Biosorption Isotherms

The Langmuir model was better fitted than
Freundlich to describe the isotherms of Cd biosorption
by immobilized SRB (Fig. 4 and Table 2), as the
correlation coefficient of Langmuir is much higher
than that of Freundlich. The obtained Cd removal
capacity is higher than that reported by Lopez Pérez and
Aguilar Lopez [33], in which Desulfovibrio alaskensis
(one species of SRB) was used as a biosorbent for
maximum Cd removal of 88 mg-g!. The Cd removal
capacity was also higher than other biosorbents such
as algal [34-35] and bacterial [36] materials, implying
the great potential of this technique for Cd removal
application.

Characterizing Immobilized SRB

Morphologies of Immobilized Beads
XRD Analysis

There were two strong peaks centered at 20 of 20.8°
and 26.7° (Fig. 6). The major strong peaks were ascribed to
the higher-order degree of cellulose crystalline structure,
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Fig. 6. XRD spectra of immobilized beads before and after
biosorption.

and the minor broad peaks were due to lower-order
degree of polysaccharides structure. Some new peaks
(26 of 29.4°) emerged after biosorption, likely implying
the presence of CdS [37], which was the precipitate
K, = 8.0x10?7) formed due to sulfate reduction reaction
by the immobilized SRB.

FTIR Analysis

The FTIR analysis was used to characterize the
changes of functional groups before and after Cd
biosorption (Fig. 7). The strong and broad peaks at
2,900 cm™' to 3,500 cm? was assigned to the O-H
stretching vibration [38]. The intensity of several peaks
from 1,078 cm™ to 1,880 ¢m™ became weaker together
with the blue-shift (1,078 cm” to 1,084 cm™, 1,385 cm’!
to 1,420 cm™', 1,629 cm™ to 1,635 cm™) after adsorption
was likely due to that fact that PVA and sodium alginate
reacted with metal ions to form carboxylate compounds
[13]. The peak of 1,385 cm™ shifted to 1,420 cm™,

Transmittance (%)

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig. 7. FT-IR spectra of immobilized beads before and after
biosorption.

Table 3. EDS analysis of the immobilized beads before and after
biosorption.

Elements Before (wt,%) After (wt,%)
C 55.36 45.22
o 44.64 53.83
S 0.00 0.50
Cd 0.00 0.46
Total 100.00 100.00

corresponding to O-H deformation vibration from the
hydroxyl groups of PVA. The intensity was weaker,
implying that the amount of hydroxyl groups decreased
when Cd was laden to the biosorbents. The intensity
of the peak from 467 cm™! to 694 cm™ transformed and
some of the peaks disappeared, indicating that sulfate
was reduced to sulfide that later reacted with Cd ** to
form CdS precipitation [39]. FTIR Spectral analysis
shows that sulfate reduction played an important role in
Cd removal.

XPS Analysis

The Cd and sulfur components were observed after
adsorption (Fig. 8a), indicating the successful capture of
Cd by sulfate reduction. The S2p core level XPS spectra
show that there is little S content in the immobilized
beads before adsorption, while S content appeared in the
immobilized beads after adsorption (Fig. 8b). The peaks
at 161.40 eV, 164.05¢V, and 168.71eV were assigned to
sulfide [40-42], sulfur [43], and sulfate [44], respectively.
The proportions of the sulfide, sulfur, and sulfate were
12.5%, 30.1%, and 56.7%, respectively. The Cd3d core
level spectra suggest that there is no Cd detected before
adsorption (Fig. 8c). The peaks at 405.17¢V and 407.24¢V
were attributed to CdS and CdO [45-46], respectively.
The peak at 411.95 eV was ascribed to the spectra for
Cd(II)3/2 [45, 47]. Therefore, the precipitation of Cd as
cadmium hydroxide might also take place. The Ols core
level spectra indicate that a small fraction (1.50%) of the
metal oxide group (Me-O) at 529.6 ¢V [31] ascribed to
alginate (NaO) and SiO, was present. The C=O peak
at 531.20 eV (33.29%) and the C-O peak at 532.10 eV
(35.74%) [48] from the PVA and alginate were dominant.
The OH group at 532.80 eV (29.47%) [31] owing to the
alginate and PVA was also identified. After adsorption,
the Me-O group slightly increased due to the formation
of CdO, which is consistent with the outcome of Cd3d
core level spectra.

Conclusions
Immobilized SRB are potential potent biosorbents

for removing Cd(IT) from aqueous solution. The pH
and temperature of the solution had strong effects on
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Fig. 8. XPS spectra of the immobilized beads before and after adsorption: a) survey, b) S2p core level, ¢) Cd3d core level, and d) Ols
core level region.

Cd(IT) removal, and the optimum temperature and pH
value were 35°C and 8.0, respectively. A suitable micro-
environment for the SRB was created by immobilization.
The LPSO model could be well fitted to Cd(IT)
biosorption by immobilized beads. Biosorption and
sulfide precipitation are the main mechanisms for Cd(II)

removal.
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