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Abstract A strain ofDesulfovibrio sp. sulfate-reducing
bacteria (SRB) was isolated from a sludge sample. Nov-
el immobilized SRB beads with microalgae (Chlorella
vulgaris, Scenedesmus obliquus, Selenastrum
capricornutum, and Anabaena spiroides) as the carbon
source were prepared and then used to treat wastewater
containing 60 mg/L Cu(II) and 600 mg/L sulfate in
batch experiments. The microalgae were first degraded
by co-existing fermentative bacteria into fatty acids,
which then served as a carbon source for SRB. The
solution chemical oxygen demand was significantly
lower with microalgae substrates than with ethanol as
a substrate. Different immobilization methods were
evaluated with an orthogonal design, which indicated
that the compositional parameters for preparing
immobilized beads with an optimal sulfate reduction
rate were polyvinyl alcohol (2%), sodium alginate
(1%), calcium chloride (6%), silica sand (1%), and a
50-mL volume of SRB suspension. SRB activity in the
immobilized beads was distinctly enhanced compared
with that of suspended SRB. At an initial pH of 5.5,
72.4–74.4% of sulfate and over 91.7% of Cu(II) were
removed, indicating that immobilized SRB beads with

plentiful low-cost microalgae as a nutrient source may
be an efficient method for acid mine drainage treatment.

Keywords Cu(II) . Microalgae . Sulfate-reducing
bacteria . Immobilization . Bioremediation

1 Introduction

Copper (Cu) is a toxic metal commonly found in con-
taminated water, and it adversely impacts the environ-
ment and human health (Bilal et al. 2013). Copper exists
mainly in the state of Cu(0), Cu(I), and Cu(II), of which
Cu(II) is more carcinogenic and more difficult to re-
move than the other forms (Yan and Pan 2002). The
maximum allowable limit of Cu(II) in drinking water is
2.0 mg/L according to the World Health Organization
(Yuvaraja et al. 2012).

Industrial activities, particularly the copper mining
and smelting process, discharge Cu(II) ions into waste-
water (Seiler et al. 1988; Akbari et al. 2015). Highly
acidic copper mining wastewater with elevated levels of
sulfate and heavy metals is produced when sulfide-
bearing material is exposed to oxygen and water (Fuge
et al. 1993). Each year, a large amount of acid mine
drainage is discharged into the surrounding environ-
ment, with devastating effects on terrestrial and aquatic
ecosystems (Macías et al. 2012). This is particularly the
case in China, which has the most abundant copper
stocks in the world (Zhang et al. 2015). For example,
the cadmium (Cd), Cu, and arsenic (As) levels in well
water near the Tonglushan mine in Hubei, China were
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significantly higher than those in reference areas, and
soils were so heavily contaminated with Cd (2.59 mg/
kg), Cu (386 mg/kg), and As (35.4 mg/kg) that they
were no longer suitable for crop production (Cai et al.
2015). Worse still, mine wastewater in some water
shortage areas was used for agricultural irrigation,
resulting in the accumulation of heavy metals (Cu, lead
(Pb), chromium (Cr), and zinc (Zn)) in wheat crops (Ma
et al. 2015). A pilot study inWestern Uganda also found
that the Kilembe copper mine released cobalt (Co),
nickel (Ni), and Cu into the Nyamwamba River, a public
water source, and 19% of Amaranthus vegetables sam-
pled exceeded the European Community Cu thresholds
(Mwesigye and Tumwebaze 2017). Therefore, develop-
ing cost-effective techniques for Cu(II) removal from
acid mine drainage is critical.

Conventional techniques for treating acidmine drain-
age, including chemical precipitation, adsorption, coag-
ulation/flocculation, ion exchange, and reverse osmosis,
still suffer from certain disadvantages, such as high
treatment costs, inefficient removal of metals, and sec-
ondary pollution problems (Hlabel et al. 2007;
Madzivire et al. 2010; Yang et al. 2016). The use of
sulfate-reducing bacteria (SRB) is an attractive method
for the treatment of acid mine drainage. SRB use sulfate
as the terminal electron acceptor in the metabolism of
organic substrates under anaerobic conditions (Lens
et al. 1998). The sulfide produced reacts with metals in
solution and precipitates in the form of metal sulfides
(McCauley et al. 2009). Many studies have indicated
that over 99.9% of Cu, iron (Fe), aluminum (Al), Cr, Ni,
Pb, and Zn in acid mine drainage can be removed by
SRB (Costa et al. 2017; Kieu et al. 2011; Sahinkaya
et al. 2011; Mothe et al. 2017). However, rich carbon
sources must be added to the system, because organic
matter in natural acid mine drainage is often insufficient
(Li et al. 2016). The cost of lactate, acetate, or ethanol is
high (Gonçalves et al. 2007; Pagnanelli et al. 2012), and
it is difficult for SRB to use other organic wastes, which
may lead to a high chemical oxygen demand (COD) in
the effluent (Zhang and Wang 2014; Das et al. 2015). In
addition, high metal concentrations can inhibit the ac-
tivity of microorganisms, especially freely suspended
SRB, and have a negative effect on remediation effi-
ciency (Sheoran et al. 2010; Hao et al. 2014). Therefore,
more valid strategies should be explored to solve these
problems.

Microalgae are solar-driven autotrophic plants that
exist in many habitats, ranging from marine to

freshwater environments, and are widely available
(Flores-Chaparro et al. 2017). They have been used as
biosorbents of heavy metal ions on account of having
different active sites in their cellular structures
(Henriques et al. 2017). Bacterial sulfate reduction sup-
ported solely by the degradation of algal biomass was
demonstrated at the laboratory scale using both
Scenedesmus and Carteriamicroalgae biomass by Rus-
sell et al. (2003). Boshoff et al. (2004) also demonstrated
the use of dried Spirulina biomass as a carbon source for
biological sulfate reduction in an upflow anaerobic
digestor. However, not all of the algal biomass was
broken down, and only 31% was used by SRB. Even
worse, the COD of the outflow was in the range of
3000–14,000 mg/L. Immobilized beads can protect the
microorganisms against harmful substances, maintain-
ing high microbial activity and therefore improving
effluent quality (Quan et al. 2011; Zhang et al. 2016).
Nevertheless, few studies thus far have reported the
treatment of copper mine wastewater using immobilized
SRB beads withmicroalgae biomass as the sole nutrient.

In this study, to solve the problems of nutrient
sources and adverse environmental conditions for
SRB, novel immobilized SRB-microalgae spheres were
prepared and evaluated for effective remediation of
copper-containing wastewater. Our efforts comprised
four main objectives: (1) isolation and identification of
SRB; (2) assessment of the sulfate reduction rate and
discharged COD in wastewater using four different
microalgae species (Chlorella vulgaris, Scenedesmus
obliquus, Selenastrum capricornutum, and Anabaena
spiroides) as the carbon source for SRB; (3) preparation
and characterization of immobilized SRB-microalgae
beads under optimal conditions; and (4) investigation
of copper-containing wastewater disposal by the
immobilized SRB-microalgae beads in a batch
experiment.

2 Materials and Methods

2.1 Isolation and Identification of SRB

The mixed culture of SRB used in this study was ini-
tially collected in anaerobic sludge from a cattle farm in
Yanqing City, China. A 20% sludge solution was added
into 500-mL serum bottles filled with Postgate C medi-
um (Postgate 1984). The initial pH of the nutrient me-
dium was adjusted to 7.2. After purging with pure

54 Page 2 of 13 Water Air Soil Pollut (2018) 229: 54



nitrogen for 30 min to reduce dissolved oxygen, the
bottles were sealed and incubated at 30 °C for 7 days.
The growth of SRB can be directly assessed by the
generation of black precipitate (iron sulfide). An
enriched SRB culture was obtained by repeating this
process three times. Next, the enriched culture was
diluted into seven gradient concentrations (10−1, 10−2,
10−3, 10−4, 10−5, 10−6, and 10−7), and SRB were
screened by the Hungate roll-tube technique (Hungate
and Macy 1973). After cultivation for 2 days at 30 °C,
single black colonies were selected and the procedure
was repeated three times before the cultures were
deemed pure. At the same time, colonies were trans-
ferred into solution to determine sulfate reduction activ-
ity. All incubations were performed in the dark.

Genomic DNA from the isolated strain with the
highest rate of sulfide production was extracted using
the method described by Weisburg et al. (1991). PCR
amplification of the 16S ribosomal DNA (rDNA) gene
was carried out using the universal primers 27F and
1492R (Lane 1991). The amplified fragments were pu-
rified using a MagExtractor PCR and Gel Clean-up kit
(Toyobo, Osaka, Japan) according to the manufacturer’s
instructions, and then sequenced by Beijing Sunbiotech
Co., Ltd. The sequenced 16S rDNA gene of the isolated
strain was compared with sequences in the GenBank
database (Benson et al. 1999) and the EzTaxon Server
(http://www.ezbiocloud.net/eztaxon), and the sequences
of six closely related type strains were selected. The 16S
rDNA sequences of the isolated strain and the reference
strains were used to construct a phylogenetic tree using a
software package (Tamura et al. 2011).

2.2 Cultivation of Microalgae

C. vulgaris, S. obliquus, S. capricornutum, and
A. spiroides were purchased from the Institute of Hy-
drobiology, Chinese Academy of Sciences. All
microalgae used in batch experiments were cultivated
in flasks filled with 1000 mL solution containing BG-11
medium. All cultivation operations were performed un-
der sterile conditions, and all chemicals were of analyt-
ical grade or better.

2.3 Effect of Microalgae on Sulfate Reduction by Free
SRB

C. vulgaris, S. obliquus, S. capricornutum, and
A. spiroides biomasses were harvested from nutrient

solution after cultivating for 5 days, washed three times
with deionized water, and centrifuged at 5000 rpm for
20 min to remove extraneous materials and salts. These
microalgae were further sterilized in an autoclave for
20 min to be used as a carbon source for SRB. A
solution of 5 g/L K2SO4 was prepared as synthetic
wastewater that did not contain heavy metals. The initial
pH of the solution was adjusted to 7.0 and boiled to
remove oxygen. The experiments were carried out in six
650-mL anaerobic bottles designated R1–R6 (Table 1),
which contained 78 mL K2SO4 solution, 2 mL soil
supernatant, and 20 mL of SRB inoculum of log phase
cells. Equal amounts of the four microalgae biomasses
were added to the bottles, respectively, and then filled
with deionized water. Simple organism ethanol as car-
bon source was fed to a bottle at the same reaction
condition. A control test in the presence of sulfate solu-
tion without an external carbon source was also carried
out. The utility of C. vulgaris , S. obliquus ,
S. capricornutum, and A. spiroides biomass as potential
carbon sources to promote microbial sulfate reduction
activity was evaluated with batch experiments at 30 °C
in a vapor-bathing vibrator for 51 days. Liquid samples
were removed at predefined intervals and filtered
through a 0.45-μm filter and analyzed for sulfate and
COD in solution. Dissolved micro-molecular organics
resulting from fermentation for 5 days were also
analyzed.

2.4 Preparation of Immobilized SRB-Microalgae Beads

Polyvinyl alcohol (PVA) and sodium alginate, which are
less toxic and less expensive than other materials, were
used as a conventional gel matrix for the immobilized
beads (Hsu et al. 2010). Silicon sand, which increases
the compression strength of the formed beads, was also
added. The preparation process was executed in an
anaerobic box. First, soil supernatant, PVA, and sodium
alginate were added to deionized water and heated to
80 °C until the solution was completely dissolved. Then
silicon sand, sodium alginate, and 0.1 g deactivated
microalgae were slowly added, and the mixture was
air-cooled (30–40 °C) and mixedwith SRB (1 × 108 col-
ony forming units/mL) suspension. The resulting gel
was added drop-wise into a crosslinker solution (satu-
rated boric acid and calcium chloride) with a syringe and
maintained at room temperature for 24 h to form gel
beads. Finally, the beads were washed with saline three
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times to remove boric acid and stored at 4 °C for
subsequent experiments.

2.5 Performance Test of Immobilized Beads

Different immobilizationmethods were evaluated in this
work. Mechanical strength, sulfate reduction rate, and
mass transfer were the evaluation parameters for the
preparation of immobilized SRB-microalgae beads.
Five key factors, the concentrations of PVA, sodium
alginate, calcium chloride, and silica sand, and the vol-
ume of SRB suspension, were investigated and labeled
as A, B, C, D, and E (Table 2). An orthogonal design
table L16 was designed using Orthogonal Design Assis-
tant II software (Sharetop Software Studio). For exam-
ple, various SRB-S. obliquus beads were made based on
the above criteria (Table 2). Randomly selected beads
were added to a 100-mL glass syringe, and a certain
pressure was applied to the beads, and the damage was
observed to qualitatively describe mechanical strength.
If all beads could keep the appearance integrity, the
mechanical strength was marked as superb. If less than
five beads cracked, it was labeled as good. If more than
five beads cracked, the mechanical strength was marked
as bad. Several immobilized beads were immersed in
methylene blue solution, and the mass transfer of the
beads was evaluated by observing the uptake of methy-
lene blue into the beads. If the beads center became blue
in 5 min, the mass transfer of beads was marked as
superb. If the beads center changed to blue in 10 min,
it was marked as good. If the beads center became blue
in 20min or longer, the mass transfer ability was marked
as bad. Equal amounts of beads were fed into 100 of
600 mg/L SO4

2− solution, and the sulfate reduction rates
were examined.

2.6 Treatment of Copper-Containing Wastewater
with Immobilized SRB-Microalgae Beads

Immobilized SRB-microalgae beads were prepared
using the optimized conditions. A comparable amount
of immobilized beads were fed into sealed 650-mL
anaerobic bottles (designated R1–R6 in Table 1) to
examine the removal ability of copper-containingwaste-
water. At the same time, Cu(II) removal by immobilized
SRB with ethanol as a carbon source was also carried
out. Immobilized SRB beads were first put into the
bottom of the bottles to a height of approximately 2–
3 mm, and the bottles were filled with solution contain-
ing 60 mg/L Cu(II) and 600 mg/L sulfate. The initial pH
of all treatments was adjusted to 5.5. Finally, the bottles
were placed in a 100 rpm vibrator at 30 °C. Samples
were collected and filtered through 0.45-μm filter mem-
brane to determine sulfate, COD, and Cu(II) concentra-
tions in solution.

2.7 Analytical Methods

The diameter of the beads was measured using vernier
calipers. The pH determination was performed immedi-
ately using an E-201-C multi-glass electrode (Hanna
Instruments, Limena, Italy). Sulfate levels were deter-
mined using barium chromate spectrophotometry. COD
analysis was conducted using the potassium bichromate
method (APHA-AWWA-WEF 1998). The concentra-
tions of soluble Cu were determined with flame atomic
absorption spectrometry (AA-7000, Shimadzu Corp.,
Kyoto, Japan). Volatile fatty acids were analyzed using
gas chromatography and mass spectrometry (QP2010,
Shimadzu Corp.). All sample analyses were carried out
in quadruplicate and the average results are reported.

Table 1 Composition of reactive mixtures in reactors using microalgae biomass as carbon source

No. Organic carbon source SRB solution Soil supernatant

C. vulgaris S. obliquus S. capricornutum A. spiroides Ethanol

R1 0.1 g – – – – 20 mL 2 mL

R2 – 0.1 g – – – 20 mL 2 mL

R3 – – 0.1 g – – 20 mL 2 mL

R4 – – – 0.1 g – 20 mL 2 mL

R5 – – – – 0.1 g 20 mL 2 mL

R6 – – – – – 20 mL 2 mL

R1 reactor 1, R2 reactor 2, R3 reactor 3, R4 reactor 4, R5 reactor 5, R6 reactor 6
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3 Results and Discussion

3.1 Phylogenetic Analysis, G + C Content,
and DNA–DNA Hybridization

The isolated strain was designated GSRB. The
GenBank accession number for the 16S rDNA sequence
of strain GSRB is MF521825. The 16S rDNA gene
sequences of GSRB and six closely related
Desulfovibrio-type strains were used to construct a
neighbor-joining phylogenetic tree (Fig. 1). These data
indicated that the GSRB strain should be assigned to the
genus Desulfovibrio. The homology of GSRB to the
nucleotide sequence of Desulfovibrio sp. KRS1 was
83%; however, they did not belong to the same branch.

3.2 Effect of Microalgae on Biological Sulfate
Reduction of Free SRB

The use of microalgae as a carbon source for free SRB
in sulfate reduction was studied. On the first day of the
experiment, obvious evidence of SRB activity was ob-
served in R5 by the formation of visible black precipi-
tate and the classic odor of hydrogen sulfide (H2S).
However, no obvious evidence of SRB activity was
observed in R1–4 or R6 until the third day. The pH,
sulfate concentration, and COD in the solutions were
monitored as reaction progressed.

As shown in Fig. 2, the pH in R1–4 decreased slowly
over the first 7 days. As the reaction progressed, it
increased slightly, although there was a slight fluctua-
tion throughout the experiment. At the end of the exper-
iment, the pH in R1–R4 was in the range of 6.09–6.26,
which was slightly lower than at the beginning. Gener-
ally, SRB are unable to use complex substrates as a
carbon source for sulfate reduction (Liamleam and
Annachhatre 2007). These complex substrates are first

degraded to simple molecules by co-existing fermenta-
tive bacteria, and then used by SRB (Wakeman et al.
2010; Martins et al. 2011). In this study, fatty acids were
measured after 5 days as an indicator of soluble organic
content in the reaction solution (Table 3). This indicated
that microalgae were broken down into small molecule
organic acids by the actions of co-existing anaerobic
fermentative bacteria which may come from air or soil
supernatant during the experiment. Further, more than
half of the S. capricornutum biomass was converted into
carbonic acid, while the main fermentation product of
the other three microalgae was propanoic acid. De-
creased pH and fatty acid levelsmeasured in the samples
during the first 5 days indicated that more fatty acids
were produced from the readily degradable constituents
of microalgae by fermentative bacteria than were con-
sumed through sulfate reduction. After the early stages
of the experiment, the SRB gradually adapted to the
reactor environment, and the increasing rate of con-
sumption of fermentation products and the alkalinity
produced by the sulfate reduction process were gradu-
ally balanced with the rate of fatty acid production; thus,
no significant changes were observed in reactors R1–
R4 at the end of the experiment. However, there was a
significant decline in pH in R5 compared with the other
reactors. This may be due to the conversion of ethanol,
which cannot be completely oxidized, to acetic acid by
SRB, and its accumulation in the terminal liquid prod-
ucts (Liu et al. 2004; Sánchez-Andrea et al. 2014).

Sulfate reduction using different types of microalgae
and ethanol as carbon sources is shown in Fig. 3. The
initial sulfate concentrations ranged from 690.18 to
706.20 mg/L in R1–R4, and the sulfate concentrations
ranged from 430.22 to 451.20 mg/L after the reaction.
The removal efficiency of sulfate was 34.7–39.4%. The
sulfate removal rate in reactor R2 was slightly lower
than in reactors 1, 3, and 4. The products of the

Table 2 The level and value range of different factors

Level Level of factor
A (%)

Level of factor
B (%)

Level of factor
C (%)

Level of factor
D (%)

Level of factor
E (mL)

One 2 0.50 2 0.5 20

Two 4 1.00 4 1 30

Three 6 1.50 6 2 40

Four 8 2.00 8 4 50

A PVA concentration, B sodium alginate concentration, C calcium chloride concentration, D silica sand concentration, D volume of SRB
suspension
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fermentative culture of the different microalgae varied,
and therefore, the reduction efficiencies of reactors 1–4
were slightly different. Ten grams of three organic
wastes (chicken manure, dairy manure, and sawdust)
was also assessed as carbon sources to promote
sulfate-reducing activity, and the sulfate reduction
reached 50.27–79.04% on 35th day (Zhang and Wang
2014), which was higher than that in this study. How-
ever, more organic wastes were added which may lead
to organic pollution. In R5, the sulfate concentration
decreased rapidly after 5 days and was less than 8 mg/
L (the detection limit of barium chromate spectropho-
tometry) at day 46. Although the ethanol used in R5 as
an electron donor for sulfate reduction was suitable for
SRB growth, as documented in some studies (Costa
et al. 2009), Cao et al. (2012) also indicated that volatile
fatty acids are better electron donors for SRB than are

easily degradable ethanol because ethanol utilization
often generates abundant acetate, which can increase
competition between SRB and other microbial groups
and decrease the sulfate-reducing rate. In addition, the
residual amount of sulfate in R6 declined slightly after
the reaction, mainly because the biological activity of
SRB was low, as only 2 mL of soil supernatant was
added.

As indicated in Fig. 4, the initial COD in R1–4 was
approximately 122–198 mg/L, whereas it was 1428 mg/
L in R5. During the first 3 days, the SRB were still in a
lag phase, but the COD value in all bottles began to
increase, especially in the reaction using ethanol as a
substrate. This was because the complex microalgae
substrates were first degraded to simple molecules by
fermentative bacteria. Zhang et al. (2016) suggested that
the cooperative relationship between SRB and

 Desulfovibrio sp. strain KRS1 (X93146.1)

 Desulfovibrio sp. FD1 (AJ251631.1)

 Desulfovibrio sp. enrichment culture clone Ecwsrb030 (GQ503867.1)

 Desulfovibrio desulfuricans strain E4 (KJ459863.1)

 Desulfovibrio multispirans strain L5 (JX965382.1)

 Desulfovibrio sp. wp6 (KF601940.1)

 GSRB

83
74

54

71

0.1

Fig. 1 Neighbor-joining phylogenetic tree based on 16S rDNA gene sequences
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fermentative bacteria may be the key factor for the use
of complex organic substrates as a carbon source for
sulfate reduction to achieve effective bioremediation.
Once SRB adapt to the environment, the simple mole-
cules are used by Desulfovibrio sp. After 51 days, R5
was characterized by high COD values (1700 mg/L);
thus, a second stage of treatment should be designed to
treat the effluent to meet standard discharge require-
ments. Apparently, ethanol was not suitable for waste-
water remediation. Although the masses of microalgae
and ethanol used as substrates were identical, the COD
levels in R1–4 were far lower than that in R5. This
demonstrates that although microalgae cannot be
completely oxidized, the use of microalgae guaranteed
efficient sulfate reduction and produced relatively low
COD that did not require further treatment. A bench
scale anaerobic upflow reactor was used by Boshoff
et al. (2004) to study the growth of a mixed culture of
SRB, and the results demonstrated that dried Spirulina

spp. biomass can serve as a carbon source for biological
sulfate reduction, but only 31% of the microalgal bio-
mass was used by SRB. The highest sulfate removal rate
reached 90.3%, with an influent COD/SO4

2− ratio of
8:1. This conversion was high compared to the results
obtained in our study, partly because the anaerobic
upflow reactor was continuously fed inorganic media,
which was helpful for SRB growth, and also partly
because excess dried Spirulina spp. biomass was fed
to the anaerobic upflow reactor, as can be seen through
the high COD (3000–5600 mg/L) in the outflow. Over-
all, from day 5 to day 51, the four types of microalgae
substrates all performed well as carbon sources for SRB,
as evidenced by low COD discharge.

3.3 Optimization of Immobilized Beads

Table 4 presents the results obtained for the different
immobilization methods evaluated by the orthogonal

Table 3 Fatty acids measured in the reaction solution

Volatile fatty acids Carbonic acid Lactic acid

Formic aid Acetic acid Propanoic acid Butanoic acid Pentanoic acid

R1(C. vulgaris) – – 47.7 ± 0.5% 19.6 ± 0.8% – – –

R2 (S. obliques) – – 47.7 ± 1.4% 37 ± 1.3% 3.4 ± 0.1% – –

R3 (S. capricornutum) – – – 12.6 ± 0.4% – 56.1 ± 1.8% –

R4 (A. spiroides) – – 52.6 ± 1.3% – 23.8 ± 0.7% – –

– non-detected, R1 reactor 1, R2 reactor 2, R3 reactor 3, R4 reactor 4, R5 reactor 5, R6 reactor 6
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experiment and shows the influence of the concentra-
tions of PVA (A), sodium alginate (B), CaCl2 (C), silica
sand (D), and the volume of SRB-microalgae suspen-
sion (E) on bead formation. The optimized embedding
conditions included bead shape, mechanical strength,
and mass transfer. We then targeted the sulfate reduction
rate as the main factor to further determine the optimal
conditions for immobilized beads. For example, when
the factor was A, the level was 1 (2%), and the evalua-
tion index was the sulfate reduction rate, such that K1
was mathematically expressed by K1 = (90.5% +
93.4% + 81.1% + 88.5%) / 4 = 88.4%, which represent-
ed the mean value of the average sulfate reduction rate
for factor A at level 1. By comparing the different K
values, the optimal level of factors for immobilized
beads can be achieved. Further, the difference between
the maximum and the minimum K values was repre-
sented by R, which denoted the range in K values, and
reflected the significance of this level on sulfate reduc-
tion ability. According to this definition, the maximum
value of R corresponded to the most important factor
(Tang et al. 2016).

Immobilized beads with a high sulfate reduction rate
are better for bioremediating acid mine drainage (Li et al.
2017); consequently, the value of K should be as large as
possible. Table 4 shows that the silica sand played an
important role in sulfate reduction ability, followed by the
concentrations of PVA and CaCl2, the volume of SRB
suspension, and sodium alginate concentration. The com-
positional parameters for obtaining immobilized beads

with an optimal sulfate reduction rate were A1 (2%),
B2 (1%), C3 (6%), D2 (1%), and E4 (50 mL).

Figure 5a shows the morphology of the immobilized
SRB-microalgae beads prepared using the optimized
parameters. Immobilized SRB-microalgae beads were
approximately 3 mmwide. The beads did not crack after
soaking in water for 14 days (Fig. 5b), which showed
that the immobilized beads exhibit high mechanical
strength.

3.4 Treatment of Copper-Containing Wastewater Using
Immobilized Beads in Batch Experiments

Immobilized SRB beads were freshly prepared accord-
ing to the optimized conditions and then used to reme-
diate simulated wastewater. Biological sulfate reduction
was observed on the second day as indicated by a strong
smell of H2S. However, SRB were not activated until
the third day when free microalgae were used as a
carbon source. SRB in immobilized beads were more
easily adaptable to the environment than were free SRB.
The Cu(II) and sulfate removal abilities of the
immobilized beads throughout the experiment are illus-
trated in Fig. 6.

As shown in Fig. 6a, the sulfate reduction in R1–4
could be divided into three stages: period I (days 0–3),
period II (days 4–10), and period III (days 11–45). In
period I, sulfate reduction efficiency reached 58.9–
62.6% on the first day and increased quickly to 68.6–
71.8% by the third day. However, SRB growth did not
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occur before the second day. Therefore, sulfate removal
was mainly attributed to adsorption onto materials ini-
tially present in the beads. While sulfate reduction

efficiency showed some fluctuation during period II,
likely due to the hydrolysis of microalgae, the adsorbed
sulfate was released back into the solution. During

Table 4 Analysis and results of orthogonal experimental design for immobilized beads

Experiment Factors Bead shape Mechanical strength Mass transfer Sulfate reduction

A (%) B (%) C (%) D (%) E (mL)

1 2 0.5 6 0.5 50 + + ++ 90.5%

2 2 1.0 8 1 40 +++ + +++ 93.4%

3 2 1.5 4 4 20 ++ ++ +++ 81.1%

4 2 2.0 2 2 30 + ++ ++ 88.5%

5 4 0.5 4 1 30 +++ + + 82.7%

6 4 1.0 2 0.5 20 +++ ++ + 84.3%

7 4 1.5 6 2 40 ++ + + 88%

8 4 2.0 8 4 50 ++ +++ +++ 81.8%

9 6 0.5 2 4 40 +++ ++ + 74.3%

10 6 1.0 4 2 50 ++ +++ ++ 78.4%

11 6 1.5 8 0.5 30 + ++ + 71.5%

12 6 2.0 6 1 20 + ++ ++ 91.8%

13 8 0.5 8 2 20 +++ ++ + 73.3%

14 8 1.0 6 4 30 ++ +++ + 85.4%

15 8 1.5 2 1 50 ++ +++ + 98.6%

16 8 2.0 4 0.5 40 + ++ ++ 79.2%

Sulfate reduction K1 88.4% 80.2% 86.4% 81.4% 82.6%

K2 84.2% 85.4% 80.4% 91.6% 82%

K3 79% 84.8% 88.9% 82.1% 83.7%

K4 84.1% 85.3% 80% 80.6% 87.3%

R 9.38 5.18 8.94 10.98 5.29

Order of importance D >A >C > E >B

Optimal level A1 B2 C3 D2 E4

A PVA concentration, B sodium alginate concentration, C calcium chloride concentration, D silica sand concentration, D volume of SRB
suspension, K mean value of the sulfate reduction rate, R range in K values, +++ superb, ++ good, + bad

(a) (b) 

Fig. 5 Photograph of fresh prepared immobilized SRB beads (a) and soaked in water for 14 days (b)
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period III, the sulfate reduction rate increased slowly as
a result of the enrichment and activity of SRB. Com-
pared with the use of ethanol as the nutrient source in
R5, sulfate reduction with microalgae as the nutrient
source in R1–4 was effective throughout the experi-
ment, and the maximum sulfate reduction rate reached
72.4–74.4%, which is comparable to other results in the
literature (Sahinkaya and Yucesoy 2010).

More importantly, sulfate reduction efficiency of
immobilized SRB increased by about 33–40% than that
of free SRB. There are several reasons for this observa-
tion. First, PVA and sodium alginate had good

adsorption capacity for sulfate. Second, SRB efficiently
used the carbon source, because micro-molecular or-
ganics from the degradation of microalgae were in the
vicinity of the SRB. SO4

2−/COD had a known signifi-
cant effect on sulfate reduction. The reduction of 1 g
SO4

2− by SRB theoretically consumed 0.67 g COD
under standard conditions (Choi and Rim 1991). Das
et al. (2015) found that sulfate removal efficiency in-
creased with sweetmeat waste as a nutrient supplement,
with a COD/SO4

2− ratio up to 4, at which maximum
sulfate removal (99%) was achieved. In the present
study, the initial COD/SO4

2− ratio ranged from 0.19 to
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Fig. 6 Sulfate (a) and Cu(II) (b)
removal with immobilized SRB-
microalgae beads in batch
experiment
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0.33 for free microalgae. However, some of the sulfate
was adsorbed onto immobilized SRB beads, and the
released carbon source was mainly in the interior of
the beads. Therefore, the COD/SO4

2− ratio for
immobilized SRB increased significantly, resulting in
effective sulfate reduction.

The variation in Cu(II) concentrations in the water
was monitored throughout the experiment, and the re-
moval rate is illustrated in Fig. 6b. The Cu(II) removal
rate in R1–4 was 40.6–52.7% on the first day, increased
to 78.3–91% after 10 days, and ultimately reached 91.7–
98.2%. Although the adsorption of Cu(II) by
immobilized SRB-microalgae beads was not investigat-
ed, adsorption surely contributed to metal removal, par-
ticularly during the period of SRB adaptation, which can
be concluded from the analysis of Fig. 6a. More specif-
ically, Bayramoğlu and Arica (2009) showed that the
maximum Cu(II) adsorbed onto bare Ca alginate/PVA
beads and microalgae (Scenedesmus quadricauda)
entrapped in alginate/PVA composite beads at pH 6.0
were 0.534 ± 0.023 and 0.970 ± 0.028 mmol/g, respec-
tively, and the biosorption process was spontaneous.
Moreover, Cu(II) removal did not show similar fluctua-
tions to sulfate during the experiment, likely because the
beads had a higher binding capacity for Cu(II). Algal
biomass possesses high binding capacity for heavy
metals, since abundant polysaccharides and proteins in
their extracellular polymeric substances contain func-
tional groups such as amino, hydroxyl, carboxyl, and
sulfate groups (Xiao and Zheng 2016; Henriques et al.
2017). Besides, sodium alginate, which is a linear poly-
saccharide composed of b-D-mannuronic (M) and a-L-
guluronic acid (G) residues, is known to strongly bind
metal ions and is currently used for heavy metal adsorp-
tion (Wang et al. 2013). After acclimation, the SRB
were suited to their environment, and sulfate was re-
duced to S2− with concurrent formation of copper sul-
fide (CuS). After 45 days, residual Cu(II) concentrations
were in the range of 1.08–4.99 mg/L. At the end of the
experiment, Cu(II) was not completely removed, which
may indicate that SRB activity was inhibited due to
insufficient (only 0.142 g) microalgae. Furthermore,
the solubility product constant (Ksp = 6.3 × 10−36) of
copper sulfide is significantly lower and the dissolution
of CuS did not occur, as evidenced by the steady re-
moval of Cu(II) over a long period.

It is worth noting that in Fig. 6b, the sulfate reduction
rate in R5 was smaller than that in R1–4. The most
important reason was that less Cu(II) was adsorbed onto

immobilized SRB-ethanol beads, and more Cu(II) in
solution inhibited SRB activity. In short, the microalgae
promoted SRB activity under high concentrations of
heavy metals by providing a carbon source and shelter
for SRB growth. Moreover, immobilization prevented
cell washout and increased biomass in the bioreactor.
We preliminarily demonstrated that immobilized SRB-
microalgae beads can be used for the effective bioreme-
diation of acid mine drainage.

4 Conclusions

Sulfate reduction by SRB using four microalgae bio-
mass as carbon sources was investigated. Immobilized
SRB beads were successfully prepared and applied in
copper-containing wastewater. The results indicated that
S. capricornutum, C. vulgaris, S. obliquus, and
A. spiroides are suitable for promoting sulfate reduction,
with lower COD released. These complex microalgae
substrates were first degraded to propanoic acid,
butanoic acid, and pentanoic acid by co-existing fer-
mentative bacteria and then used by SRB. The compo-
sitional parameters for producing immobilized beads
with an optimal sulfate reduction rate were PVA (2%),
sodium alginate (1%), calcium chloride (6%), silica
sand (1%), and 50 mL SRB suspension. It was evident
that the immobilized SRB nutrient beads had better
remediation efficiency than free cells, because the beads
not only protected SRB against heavy metal toxicity but
also enhanced the COD/SO4

2− ratios. After 45 days, the
Cu(II) and sulfate removal rates ranged from 91.7 to
98.2% and from 72.4 to 74.4%, respectively. The excel-
lent efficiency and stability of this immobilized SRB-
microalgae bead provide a promising strategy for deal-
ing with heavy metal pollution. Further work should be
carried out in a continuous test to fully assess the regen-
eration of the immobilized beads.
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