—-— g

Aselles Science
ELSEVIER Press

Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 2481-2491

Transactions of
Nonferrous Metals
Society of China

WWWw.thmsc.cn

Biological treatment of wastewater with high concentrations of
zinc and sulfate 1ons from zinc pyrithione synthesis

Zhi-xiong PENG'?, Hui-jun HE'?, Chun-ping YANG'*?, Guang-ming ZENG'? Shan WEN'?,
Zhou YAN'"?, Hai-hong XIANG'?, Yan CHENG'?, Sheldon TARRE’, Michal GREEN*

1. College of Environmental Science and Engineering, Hunan University, Changsha 410082, China;
2. Key Laboratory of Environmental Biology and Pollution Control (Hunan University),
Ministry of Education, Changsha 410082, China;
3. Zhejiang Provincial Key Laboratory of Solid Waste Treatment and Recycling,
College of Environmental Science and Engineering, Zhejiang Gongshang University, Hangzhou 310018, China;
4. Faculty of Civil and Environmental Engineering, Israel Institute of Technology, Haifa 32000, Israel

Received 24 July 2016; accepted 24 March 2017

Abstract: An enriched and domesticated bacteria consortium of sulfate-reducing bacteria (SRB) was used to treat wastewater from
zinc pyrithione (ZPT) production, and the effects of different reaction parameters on sulfate reduction and zinc precipitation were
evaluated. The single-factor experimental results showed that the removal rates of Zn>" and SO 4 decreased with an increased ZPT
concentration ranging from 3.0 to 5.0 mg/L. Zn*" and SO;  in wastewater were effectively removed under the conditions of
30-35 °C, pH 7-8 and an inoculum concentration of 10%-25%. The presence of Fe’ in the SRB system enhanced Zn>" and SO e
removal and may increase the resistance of SRB to the toxicity of Zn®* and ZPT in wastewater. A Box—Behnken design was used to
evaluate the influence of the main operating parameters on the removal rate of SOi’. The optimum parameter values were found to
be pH 7.45, 33.61 °C and ZPT concentration of 0.62 mg/L, and the removal rate of SOi’ reached a maximum of 91.62% under

these optimum conditions.
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1 Introduction

Zinc pyrithione (ZPT) is a broad-spectrum anti-
bacterial agent and extensively used as the active
antidandruff ingredient in hair care. ZPT is an extremely
toxic substance whose ECs, value was found to be less
than 1 mg/L for Vibrio fischeri, Pseudomonas putida and
Tetrahymena thermophila, and some of the main
microorganisms present in activated sludge [1]. In
seawater, it was found that ZPT exposed to the sunlight
degrades rapidly (half-life <2 min) into less toxic
compounds, and so it is presumed to be environmentally
neutral and non-persistent in the aquatic environment.
However, other studies have reported that half of the
initial ZPT amount remained after 48 h light exposure.
Therefore, biological treatment processes for ZPT

wastewater could be adversely affected if ZPT
production wastewater is directly discharged without
proper pretreatment.

ZPT production contains  high
concentrations of Zn®" and SO?[, increasing the
difficulties of ZPT production wastewater treatment.
Generally, most common =zinc salts at high
concentrations can be separated effectively by
physiochemical methods [2—4]. However, this implies
prohibitively high operative cost and causes secondary
pollution when applied on large scale. Bacterial sulfate
reduction is considered to be a highly promising method
for the removal of sulfate and heavy metal from
environmental contamination due to low operating cost,
high selectivity, complete removal and only small
residual sludge. Anaerobic sulfate reducing bacteria
(SRB) could oxidize various organic compounds by

wastewater
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utilizing sulfate as an electron acceptor, resulting in
alkalinity = generation and metal (Me*")
precipitation as sulphide, which is conducive to the
sustainable development of the ZPT production industry.

SO +2CH,0+2H —>H,S$+2H,CO; (1)
Me* +H,S—>MeS | +2H" )

cation

Therefore, the immobilization removal of Zn**
through microbial mediated reduction and precipitation
has attracted a great deal of interest [5,6]. The tolerance
concentration of SRB to Zn*" depends on the type of
SRB. AZABOU et al [7] found that zinc concentration
more than 150 mg/L was lethal to SRB. ZHOU et al [8]
reported that Zn?" inhibited SRB when the concentration
of Zn*" was 300 mg/L, while the tolerance of SRB to
Zn** could be enhanced to some extent by
acclimatization. Although there are many reports on SRB
and metal precipitation as mentioned above, literature on
cost-effective processes for simultaneous removal of
Zn*" and SO;  from wastewater in the presence of
toxic ZPT is still not available. ZPT can be dead for SRB,
which can lead to unstable biological treatment operation
system failure. Most importantly, the
concentration of zinc sulfate in ZPT production
wastewater can reach 1000 mg/L that is harmful to
SRB [9,10]. To address this problem, Fe’ was introduced
into the processing stream and found to be beneficial for
forming an anaerobic reducing environment. A
synergetic enhancement was also reported when Fe’ was
applied to the treatment of uranium-bearing
wastewater [11]. Thus, it is reasonable to hypothesize
that Fe” might promote Zn*" removal as well [8,12].

The objective of this study was to investigate the
effects of different experimental parameters on Zn*" and
SO?{ removal under different ZPT concentrations
together with the growth dynamics of SRB. Batch
experiments were performed and parameters including
Zn®"  concentration, pH, inoculum concentration,
temperature, and ZPT concentrations from 1.0 to
5.0 mg/L were examined. The reduction of Zn*" and
SO?{ over time in the combined system of SRB and Fe’
(SRB+Fe”) was also investigated to study the feasibility
of SRB+Fe” in ZPT wastewater treatment. In addition, a
Box—Behnken design was selected to determine the
optimum conditions for ZPT production wastewater
treatment and to illustrate the relationship between
sulfate removal and three independent variables
including temperature, pH, and initial ZPT concentration.

or c¢ven

2 Experimental

2.1 Chemicals
ZPT, purity above 96%, was purchased from
Shanghai DIBO Chemical Technology Co., Ltd. Zinc

standard solution (1.0 mg/mL) was supplied by Beijing
PUXI Technology Co., Ltd. All other chemicals and
reagents used in this study were of analytical grade.

2.2 Preparation of SRB for reduction

A mixed SRB consortium was isolated from landfill
leachate collected from a landfill in Hunan Province,
China. The landfill leachate was transferred immediately
to a 250 mL serum bottle until it was completely filled,
then the bottle was sealed tightly to prevent direct
contact with atmospheric oxygen. After that, the sample
was transported to a laboratory in a cool box. Once in the
laboratory, the sample was removed from the cool box.
The sample was purged with high purity nitrogen to
minimize the exposure of SRB to oxygen.

To a 250 mL serum bottle, 25 mL of landfill
leachate was added followed by 225 mL of sterilized
Postgate’s B medium [13] (autoclaved at 121 °C and
2.026x10° Pa for 20 min) at pH 7.5. After purging with
pure nitrogen for 10 min, the bottle was capped with a
tertbutyl rubber stopper and crimp-sealed, then incubated
for at 35 °C 4 d in an incubator. Enriched SRB culture
was obtained by repeating the process mentioned above
three times. Postgate’s B medium contained 3.5 g/L
sodium lactate, 1.0 g/L yeast extract, 2.0 g/L
MgS0,4-7H,0, 0.5 g/L Na,S0y, 0.5 g/L K,HPO,, 1.0 g/L
NH,CI, 0.5 g/L FeSO4-7H,0, 0.1 g/L ascorbic acid, and
0.1 g/L of thioglycolic acid.

The SRB was acclimated to Zn*" tolerance in the
following manner. After enrichment, 25 mL SRB was
inoculated into 250 mL serum bottle containing 225 mL
sterilized Postgate’s B medium at pH 7.5 and amended
with approximately 50 mg/L Zn**. The headspace of
serum bottle was filled with pure N, before being capped
and crimp-sealed. The bottle was maintained in an
incubator at 35 °C for 4 d. This procedure was repeated
until the medium turned black within 2 d. The zinc
concentration in the Postgate’s B medium was increased
at a step of 50 mg/L from 100 to 350 mg/L. Once the
acclimated SRBs were all prepared, they were streaked
on agar slants spiked with Zn*", incubated at 35 °C for
4 d and stored at 4 °C for use.

2.3 Analytical methods

All glassware and plasticware used were thoroughly
cleaned by soaking in 10% nitric acid for 48 h followed
by ultrasonic cleaning for 30 min, rinsed several times
with ultrapure water and finally oven dried. Before the
measurement of soluble Zn and sulfate, samples were
centrifuged at 4000 r/min for 10 min. The supernatant
was analyzed for Zn®>" by atomic absorption spectroscopy
(Perkin Elmer Analyst 700). 5.0 mL of the supernatant
was transferred to 50 mL volumetric flasks and diluted
with 0.1 mol/L HNOj; to dissolve Zn particles. Diluted
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samples were then filtered through a sterile nitrocellulose
filter (0.45 mm) to remove biomass and other particles
before analysis.

Barium chromate spectrophotometry was used for
determination of sulfate by visible spectrophotometer
(Shanghai No. 3 Analytical Instruments Company).
Sulfate was measured immediately after centrifugation
mentioned above. Each experiment was carried out in
triplicate under identical condition.

The growth curves of SRB under different
concentrations of ZPT were studied using nephelometery
by visible range spectrophotometer. ZPT was added into
the modified Postgate’s B medium according to the
concentrations of 0, 1.0, 3.0 and 5.0 mg/L, respectively.
1.0 mL of acclimated SRB and 9.0 mL of sterilized
Postgate’s B medium containing ZPT (pH 7.5) were
transferred into 10 mL sterile centrifuge tube. The
centrifuge tubes were put into an incubator at 35 °C for
50 h, and the peak absorbance at 600 nm (Op, )was
monitored every 2 h. The SRB concentration showed a
linear relationship with Op, as follows:

c=4.6x10"0Op,,,, R*=0.990 3)

where c is the SRB concentration (cfu/mL).

2.4 Batch studies

All experiments for Zn®" removal and SO
reduction were performed in duplicate 250 mL serum
bottles, capped with tertbutyl rubber stopper and crimp-
sealed. 25 mL SRB, a given quantity of ZnSO4 and

Table 1 Box—Behnken design matrix

225 mL sterile Postgate’s B medium at pH 7.0 were
added into 250 mL serum bottle. In order to estimate and
assess the potential toxicity that ZPT could cause on
SRB, ZPT was added into the bottles at a concentration
of 0, 1.0, 3.0 and 5.0 mg/L, respectively. The bottles
were put into an incubator at 30 °C for 7 d. The residual
concentration of Zn>" was measured every day at various
initial concentrations of 50, 100, 150, 200, 250, 300 and
350 mg/L. The solution pH was adjusted to the desired
values (5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0) by
2 mol/L NaOH and HCI to evaluate the effect of pH on
precipitation of Zn?" and degradation of SO?{. The
influence of temperature on the removal of Zn** and
SOﬁ_ was examined at 15, 20, 25, 30, 35 and 40 °C.
The effect of Fe’ on removal of Zn** and SO;  was
investigated by measuring the residual Zn*" and SOf[
each day for 7 d.

2.5 Experimental design

The sulfate removal rate was optimized by response
surface methodology (RSM) using a Box—Behnken
design (BBD). The statistical software Design Expert
8.0.6 was used for the analysis. Three independent
parameters, pH, X; (5.5-9), temperature, X, (15—40 °C)
and ZPT concentration, X3 (1-5 mg/L) were confirmed
to optimize the sulfate removal. The coded and uncoded
levels of these variables were presented in Table 1. With
statistical analysis of the gained experimental data, a
quadratic equation (Eq. (4)) was attained as an empirical
model for the optimization process.

Run Code value Actual value SO;~ removal rate/%
X, X, X; X, X/°C  X3/(mg-L™" Yexp Yored Residual
1 0 0 0 7.25 27.5 25 2.53 2.54 —0.01
2 1 -1 0 9 15 25 7.87 7.83 0.037
3 0 0 0 7.25 27.5 25 25.87 25.98 —0.11
4 1 0 1 9 27.5 5 46.23 46.29 —0.063
5 -1 0 -1 5.5 27.5 0 32.87 33.18 —0.31
6 0 0 -1 7.25 27.5 0.05 47.87 48.22 —0.35
7 0 -1 -1 7.25 15 0 20.46 20.03 0.43
8 0 0 0 7.25 27.5 25 30.97 30.59 0.38
9 0 0 0 7.25 27.5 25 26.57 26.14 0.43
10 0 -1 1 7.25 15 5 85.79 85.26 0.53
11 0 1 1 7.25 40 5 38.47 38.92 —0.45
12 -1 -1 0 5.5 15 25 41.35 41.70 —0.35
13 0 1 -1 7.25 40 0 85.12 85.19 —0.073
14 1 1 0 9 40 25 85.28 85.19 0.087
15 1 0 -1 9 27.5 0 80.50 80.80 —0.3
16 -1 0 1 5.5 27.5 5 85.17 85.19 —0.023
17 -1 1 0 5.5 40 25 85.36 85.19 0.17
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where Y is the response, f, £, fi» and f; are coefficients
of the intercept, linear, square and interaction effects,
respectively. The optimum response (Y,,) and the
corresponding process parameters were also determined.

3 Results and discussion

3.1 Effect of ZPT concentration on growth of SRB

As an antimicrobial agent, ZPT is active against a
range of micro-organisms. The growth characteristics of
SRB under ZPT concentrations of 0, 1.0, 3.0 and
5.0 mg/L in 50 h batch tests were investigated (Fig. 1).
All the curves illustrate the characteristic growth phase
in SRB batch culture. From Fig. 1, it can be seen that the
concentration of SRB decreased sharply within 8 h after
inoculation for all tests. The SRB biomass reached a
minimum at 8 h. After a period of acclimatization, SRB
entered logarithmic growth phase. Although the
logarithmic growth phase of SRB under different
concentrations of ZPT was similar, its concentration
decreased with the increase of ZPT concentrations at the
end of logarithmic growth phase. In culture medium with
ZPT, SRB showed poor growth and entered into aging
phase much earlier as compared to SRB in medium
without ZPT. In addition, the concentration of SRB
decreased rapidly during aging phrase with ZPT, while
the concentration of SRB showed only a slight drop in
the absence of ZPT. Moreover, the concentration of SRB
with ZPT was significantly lower than that without ZPT
when the trials ended.

During the aging phase, there was no increase in the
concentration of cells for the ZPT-free group and growth
was limited by insufficient nutrients and the
accumulation of cellular metabolism by-products [14].
Possibly, the nutrient limitations and the accumulation
of high concentrations of sulfide produced during the

5.0

4.5}F
4.0
3.5}
3.0
2:5F
2.0F

—¥ 0mg/L ZPT
—o— 1 mg/L ZPT

SRB concentration/(107 cfu-mL™")

L5r —~— 3mg/L ZPT
1ol —=— 5mg/L ZPT
osL— .
0 5 10 15 20 25 30 35 40 45 50 55

Time/h
Fig. 1 Growth curves for SRB grown under four ZPT
concentration levels within 50 h

exponential phase hindered the growth of SRB. It was
suggested that high sulfide concentration has a reversible
and direct toxicity effect on SRB. The inhibition may be
the result of an intrinsic toxicity of H,S to living systems
or it may be a result of indirect toxicity generated by
rendering the iron insoluble as iron sulfide [15]. Iron is
needed as an essential cofactor to various cytochromes
involved in cellular respiration (e.g., cytochrome-C). In
addition to the negative effects of insufficient nutrients
and H,S, ZPT inhibited the growth of SRB in the
ZPT-containing batch experiments. ZPT inhibited the
growth and metabolism of SRB, and the extent of
inhibition increased with increasing ZPT concentration,
with the toxicity especially strong when the ZPT
concentration was 5.0 mg/L. Similarly, ZPT was shown
to inhibit yeast growth at concentrations lower than
1 mg/L through copper influx and inactivation of iron—
sulfur proteins. Perhaps, this was because ZPT was toxic
for SRB.

3.2 Effects of initial Zn*" concentration on removal of
Zn2+

Although Zn?" in trace concentration is beneficial to
the growth of SRB, it inhibits its growth at high
concentrations by interfering with nucleic acids and
active sites of enzymes [16,17]. The effects of the initial
concentration of Zn** on the removal of Zn®" are
presented in Fig. 2. From Fig. 2, it can be seen that the
removal rate of Zn®" gradually decreased with an
increased concentration of Zn?*, and exceeded 85.0%
when the initial Zn** concentration was lower than
250 mg/L. When the initial Zn®" concentration was
higher than 250 mg/L, a much more dramatic drop of
Zn*" removal rate was observed and displayed a severe
toxic effect on the growth of SRB. The results showed
that 250 mg/L was the maximum tolerable concentration
of Zn** for SRB, higher than 150 mg/L obtained in an
earlier study [18]. It should be noted that not only high

100 N
—
ol \*_-.__“i%xl \
° -
% 80t
N
S
2 70
8
= 60t
-
= v
E 50l -v- 0mg/L ZPT i
=4 —o— 1 mg/L ZPT -
a0l -5~ 3 mg/L ZPT .
~u- Smg/L ZPT
30 . . s . . L .
50 100 150 200 250 300 350

Initial Zn*" concentation/(mg-L™")
Fig. 2 Effect of initial Zn®" concentration on Zn>* removal rate
by SRB consortium at four different concentrations of ZPT
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concentration of heavy mental but insoluble metal
sulfides can inhibit the SRB activity as well [19]. Mental
sulfides concentrated near the bacteria cells or deposited
on the surface of the SRB hindered further metabolism
by preventing the contact between the necessary
enzymes and reactants. The toxicity of the combination
of ZPT and Zn** on SRB was marginally higher than that
of Zn*" only.

3.3 Effect of pH on removal of Zn** and SOi’

The optimum pH for growth of SRB is pH 5.5 to
9 [20]. pH plays an important role in the biogenic sulfide
production which in turn affects the removal of Zn*" and
SO?{ [8]. The results are presented in Fig. 3. There
were clear differences between the removal of Zn*" and
SO;" . When the concentration of ZPT was greater than
1.0 mg/L and the pH was lower than 7.0 or higher than
8.0, the removal rate of SO~ decreased substantially
while Zn*" could be efficiently removed at pH 6.5-9.0.
This occurred because the solubility of Zn*" is
pH-dependent, while at higher pH zinc is less soluble in
water. In addition, the bioavailability of heavy metals is
critically dependent on its speciation, and it is
generally assumed that free metal ions are most toxic to

100
a /
i / — \
90 / \
©osof / .
N
b
]
g 4%
~ v
g ¥ -v—- 0mg/L ZPT
g 60r 74 ~e— | mg/L ZPT
o~ = - — 3mg/L ZPT
&l ~a— 5mg/L ZPT
50 55 60 65 70 75 80 85 90 95
pH
100
(b) —Y—y
80| / =8 — \
v
7
60t .

40+ ;
é . ~v— 0 mg/L ZPT \:

Removal rate of SO7 /%
\\‘\\
[ .
T

" u —o— 1 mg/L ZPT
0F = —/— 3mg/L ZPT
-m- 5mg/L ZPT

50 55 60 65 7.0 75 80 85 9.0 95
pH

Fig. 3 Effect of pH on Zn®" (a) and SOi’ (b) removal rates by

SRB consortium at four different concentrations of ZPT and

initial Zn®" concentration of 100 mg/L

microorganisms [21]. Therefore, the effects mentioned
above facilitate the removal of Zn** while in contrast the
removal rate of SO is low in alkaline conditions.

The removal rate of SOj  is an important
indicator for the activity of SRB. From Fig. 3(b) both
acidic and basic conditions pose a significant barrier for
the growth of SRB. In addition, when the culture was not
given as ZPT, the removal rates of Zn’" and SOi_ are
higher than those cultured with ZPT addition, especially
for SO . These results might be attributed to the
inhibition effect of ZPT on SRB being enhanced in
acidic and alkaline conditions. The removal rates of Zn*"
and SOi_ are the highest in the pH range from 7.0 to
8.0, with the highest at pH 7.5. In this range, ZPT had
little effect on the SRB.

3.4 Effect of temperature on removal of Zn** and
SO
The effects of temperature on removal rates of Zn*"
and SOZ_ are presented in Fig. 4. From Fig. 4, it can be
seen that the removal rates of Zn*>" and SO}~
with increasing temperature until 35 °C. The removal
rates of Zn*" and SOi’ with ZPT were lower than that of

increased

100
(a)

Removal rate of Zn?"/%

-v— O mg/L ZPT
701 ¥ . —e— 1 mg/L ZPT
. / - — 3mg/L ZPT
s -m— 5mg/L ZPT
60 . . . . . .
15 20 25 30 35 40
Temperature/°C
100
®) ——
v/ é'\‘
. 80f P> \-
S / " .
2 60 Y /Ur
S
=]
2
Z 40t .
o
2 -v- 0 mg/L ZPT
S 20l —e— I mg/L ZPT
7 - — 3mg/L ZPT
-m— 5mg/L ZPT
0 . . ; ) . i

15 20 25 30 35 40
Temperature/°C

(a) and SO2~ (b)
removal rates by SRB consortium at four different

Fig. 4 Effect of temperature on Zn*"

concentrations of ZPT and initial Zn>" concentration of

100 mg/L
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the ZPT-free group and decreased with an increase of
ZPT concentration within the temperature range of
20—40 °C. The removal rates of Zn*" and SO;  in all of
the trials reached a maximum value at 35 °C.

As an important factor in biological and chemical
reduction [8], temperature may provide insight into the
mechanism of the interaction between SRB and ZPT,
which could provide new significant information to
promote technological advance in practical application.
SO‘Z[ reduction is highly sensitive to temperature
change with effective reduction occurring at 30—40 °C,
while Zn*" reduction has a much wider temperature
range (20—40 °C). As 35 °C is the most suitable
temperature for SRB reduction reaction, a temperature
increase or decrease suppresses these reactions [8]. When
ambient temperatures were as low as 15 °C, the activity
of sulfate reducing bacteria was significantly inhibited. It
may be caused by the decrease in enzyme activity related
to sulfate reduction and the extension of the acclimation
period [22]. The experiment results also show that the
toxicity of the ZPT on SRB is reduced within the
favorable temperature range of 30—35 °C.

3.5 Effect of inoculum concentration on removal of

Zn* and SO}~

Regarding the effect of inoculum concentration, the
common assumption is that excessive cell density leads
to a decrease in the substrate/microorganism (S/M) ratio,
causing a shortage of substrate to support microbial
metabolism. However, low inoculum concentration may
result in the death of bacteria. Therefore, the suitable
inoculum concentration could shorten the time of the
acclimatization period, which in turn affects the removal
of heavy metals [23].

The effect of inoculum concentration on the
removal rates of Zn®>" and SOf{ is presented in Fig. 5.
When the inoculum concentration was 5%, the removal
rates of Zn*" and SO  were much more sensitive to
the addition of ZPT. In contrast, the removal rates of
Zn*" and SOf{ significantly increased for SRB exposed
to ZPT when the inoculum concentration increased from
5% to 10%. As seen from Fig. 5(b), when the inoculum
concentration was 10%, the removal rate of SO3~ was
between 81.2%-90.8% with and without ZPT. In
comparison, at a 5% inoculation level, the range of
SO3” removal rate was much lower between 30%—59%
at ZPT concentrations of 1.0, 3.0 and 5.0 mg/L.
Inoculum concentrations higher than 10% showed little
improvement in the removal rates of Zn*" and SO~

The reasons might be the high toxicity of ZPT to
SRB. When the SRB inoculum concentration was low at
5%, ZPT inhibited SRB activity and inactivated most of
the bacteria, making it difficult for SRB to multiply
rapidly. Low ZPT concentrations (1 mg/L) showed low

toxicity to SRB, while strong inhibition was observed at
high concentrations of ZPT. As seen in Fig. 5(b),
3.0-5.0 mg/L ZPT significantly inhibited the growth of
SRB at an inoculum concentration of 5%. However,
3.0-5.0 mg/L ZPT was tolerable to SRB when the
inoculum concentration was more than 10%.
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Fig. 5 Effect of inoculum concentration on Zn*" (a) and SOi’
(b) removal rates by SRB consortium at four different
concentrations of ZPT and initial Zn®* concentration of
100 mg/L

3.6 Removal of Zn*" and SOf_ in systems using

SRB+Fe'

The removal rates of Zn®>* and SO; ™ in different
systems were investigated over time and the results are
shown in Fig. 6. In SRB system, the residual Zn**
concentration showed a consistent pattern of the first up
and and then down fluctuation. This fluctuation
increased with an increased ZPT concentration. However,
there was no evident fluctuation of Zn®>" removal in
SRB+Fe” system. SO  removal rates in SRB+Fe’
system and SRB system without ZPT reached more than
90% even on the 5th day after inoculation, and the
removal rates on the 7th day could reach 91.9% and
90.8%, respectively. In contrast, SOi_ removal rate
with ZPT was stably increasing until the end of
experiment, correspondingly arriving at 84.4%, 81.2%
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and 81.2% under the ZPT concentrations of 0, 1.0, 3.0
and 5.0 mg/L. From Fig. 6(b), it can be seen that the
consumption rate of SOi_ in this study decreased as
the ZPT concentration increased. Comparing three
concentrations of ZPT, the final removal rates of SO;
had no significant difference on the 7th day, which were
much lower than that of the system without ZPT.

12 L@ —x— 0 mg/L. ZPT +Fe’
~v— 0 mg/L ZPT

—eo— 1 mg/L ZPT

10 -4-3 mg/L ZPT
/ \ a5 my’L ZPT
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E 40t
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0
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Fig. 6 Variations of residual Zn>" concentration (a) and SOAZ{

removal rate (b) with time under four different concentrations

of ZPT in different systems at initial Zn** concentration of

100 mg/L

The mechanisms of zinc removal in SRB system
were sulfide precipitation and integral components of
biosorption [24]. Biodegradation was the major
mechanism of Zn*" removal on the first day since the
removal rate of SOif on the first day was very low and
the residual Zn®" concentration increased until the 4th
day. The reason for the decrease in removal rate of Zn**
within 4 d was that the activity of SRB was constrained
seriously by ZPT and ZnS, which weakened the effect of
biosorption. The mechanisms of Zn*'
SRB+Fe’ system were rather complex,
sulfide  precipitation,
precipitation [25].

removal in
including

biosorption and reductive

3.7 Optimization by Box—Behnken design
The Box—Behnken design was applied in this study

and 17-experimental runs were conducted at orders
randomly for the optimization of sulfate removal. The
effects of key parameters, pH (X;), temperature (X;) and
ZPT concentration (X;) on sulfate production were
evaluated. According to the RSM results in regard to the
response variables of sulfate removal rate, which were
acquired from 17 groups of experiments with the help of
Design-Expert software, regression analysis of data from
Table 2 resulted in the following quadratic expression
(see Eq. (5)):

=85.19+6.40X,+15.48X,—7.69X;+3.75X,. X~

1.12X,X5-14.08X1.X5—39.77 X, —24.76X2—12.42X32
6))

The results of analysis of variance (ANOVA) are
listed in Table 2. Statistical testing was carried out by the
calculated Fischer values (F-test) and probability values
(p-value). The corresponding parameter is more
significant if its p-value is smaller than 0.05 at 95%
confidence level [26]. Obviously, as shown in Table 2,
the model F-value of 7339.99 and values of “p-value>F”
less than 0.0001 indicated that the model was significant.
There was only a 0.0089% chance that a large “Model
F-value” could occur due to noise. The “lack of Fit
of 31.11 implied that the lack of fit was
significant. In this study, the independent variables of the
quadratic model pH X, temperature X, and ZPT
concentration JXj;, the interaction between pH and
temperature (X, X;), the interaction between pH and ZPT
concentration (X X;) and the interaction between
temperature and ZPT concentration (X>X3) were quite
significant because the p-value was less than 0.05.
Judging by the F-values of the items in the regression
model, the temperature (X;) had the highest F-value
(9000.28) with the lowest p-value (<0.0001) among
other parameters, so the degree of importance of the
three parameters on SO  removal rate was:
temperature X,>ZPT concentration X;>pH X;. The quite
high R® values of 0.9999 for SO?[ removal rate
indicated that the predicted polynomial model was
reasonably well fitted with the data. The predicted R>
(Pred) values of 0.9998 for sulfate removal rate were in
reasonable agreement with the adjusted R* (Adj) values
of 0.9987 for SO~ removal rate. The comparisons
between experimental and predicted values of SO
removal rate were exhibited graphically with 45 °C-lines
in Fig. 7. Very little deviation was discovered between
points that represented experimental values and the
regression line that represented predicted values,
indicated a satisfactory degree of precision and reliability
of the experimental values.

Figure 8(a) clearly represented the effects of pH
(X7) and temperature (X;) on the sulfate removal rate,
when the ZPT concentration (X3) was fixed at 2.5 mg/L.
The three-dimensional response surface plot suggests

s02*

F-value”
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Table 2 Analysis of variance (ANOVA) for sulfate removal rate

Source Sum of squares Degree of freedom Mean square F-value p-value>F
Model 14061.55 9 1562.39 7339.99 <0.0001
pH, X; 327.81 1 327.81 1540.01 <0.0001
Temperature, X, 1915.81 1 1915.81 9000.28 <0.0001
ZPT concentration, X3 519.4 1 519.4 2440.1 <0.0001
XX 56.4 1 56.4 264.96 <0.0001
Xi1X3 5.04 1 5.04 23.68 0.0018
XX 793.55 1 793.55 3728.02 <0.0001
X12 6630.2 1 6630.2 31148.11 <0.0001
X22 2571.22 1 2571.22 12079.36 <0.0001
X; 642.04 1 642.04 3016.25 <0.0001
Residual 1.49 7 0.21
Lack of fit 1.45 4 0.36 31.11 0.0089
Pure error 0.035 3 0.012
Cor. tal 14063.04 16
R*=0.9999; R* (Adj)=0.9998; R* (Pred)=0.9987
100l of toxicity of ZPT in high ZPT concentration. On the
< other hand, with pH at high levels, the SOi_ removal
&é‘ 30| rate was found to increase first followed by a slight
E decline with the increasing pH. That was probably
2 oo} because enzyme activity was suppressed under acid—base
‘8 environment. The result is consistent with AHMADI
S a0} et al [27], who suggested that there was a strong
% correlation between the SO~ removal rate and the pH.
._g 20t The lower the SO?{ removal rate was, the lower the
£ observed solution pH was. PIKUTA et al [28] also
U . . ; . ‘ reported that the reduction of sulfate was usually
0 20 40 60 20 100 suppressed at pH values lower than 6 or higher than 9.

Actual SO7” removal rate/%

Fig. 7 Comparison of experimental SOi_ removal rate with
calculated one via Box—Behnken design (BBD) resulted
equation

that the interaction effect of pH and temperature signifi-
cantly influenced sulfide production (p-value <0.0001).
At the lower pH, sulfate removal rate decreased
gradually at the lower or higher of the temperature. In
addition, when a high level of temperature was applied
(40 °C), the removal rate of SOi’ was found to increase
and then decline by increasing pH. Temperature and pH
were key factors influencing the efficiency of sulfide
production, which could affect the activity of the enzyme
in the reaction of sulfate reduction [22]. However, the
SOAZ[ removal rate was more sensitive to temperature.
Figure 8(b) represents response surface plot of two
variables pH (X;) and ZPT concentration (X;) while
temperature (X;) was kept constant at 27.5 °C. With pH
at low levels, SO removal rate was higher with the
decrease of the ZPT concentration owning to the increase

When the pH value was below 6, the production of the
undissociated form (H,S) was a strong inhibitor of
SRB [29].

Figure 8(c) illustrated the effect of temperature (X>)
and ZPT concentration (X3) on sulfate removal rate at pH
value of 7.25. SO removal rate was sensitive to
changes in temperature and ZPT concentration, which
has the greatest significant interaction on sulfide
production (F-value=3728.02, p-value <0.0001). It was
obvious that the SOAZ[ removal rate decreased rapidly
with the increase of ZPT concentration under low
temperature condition, while the SO?{ removal rate
decreased slightly under high temperature condition. It
may be because the toxicity of ZPT to SRB was
weakened under the high temperature condition. Most
importantly, all these results are consistent with the
single factor experiment.

Response optimization technique contributed to
identifying a production of a combination of input
variables, which collectively optimized a single response
or a set of responses [30]. It is useful to note that the goal
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which was nearly 0.25% lower than the predicted value.
The results were economically and technically feasible.

2
4

SO

100

& sof removal rate/%

H
L w

Fig. 8 3D surface plots of SO, removal rate as function of

pH and temperature (a), pH and ZPT concentration (b) and
temperature and ZPT concentration (c)

of optimization is to find a good set of experimental
conditions. The optimum conditions proposed by the
model were initial pH 7.45, temperature 33.61 °C, and
ZPT concentration 0.62 mg/L, at which maximum SOif
removal rate of 91.62% was achieved. Similar results
regarding to pH and Cr(VI) removal rate can be found in
the work of AHMADI et al [27], where pH 7.5 was
enough to reach the maximal Cr(VI) removal rate. In
order to confirm the reliability and accuracy of the
predicted value, the predicted conditions were validated
by conducting an experiment twice for the
reproducibility of the data [26]. As shown in Table 3, the
SOﬁ_ removal rate of 91.37% (average of three
replicates) was obtained by using optimized conditions,

= 100 It also confirmed that RSM was a powerful tool for
% optimizing the operational conditions of biodegradation
% experiment with great accuracy.

5

e

Table 3 Process parameters for maximum SOi_ removal rate

Parameter Value
SO2~ removal rate/% 91.62
X1 (pH) 7.45
X, (temperature)/°C 33.61
X; (ZPT concentration)/(mg-L™") 0.62

4 Conclusions

1) Sulfate reduction by SRB and consequent
precipitation showed the potential to be cost-effective for
simultaneous removal of high concentrations of Zn** and
SOi_ from wastewater of ZPT production. High
removal rates for both Zn** and SO  in ZPT
production wastewater reached under conditions of
30-35 °C, pH 7.0-8.0 and inoculum concentration of
10%—25%.

2) ZPT inhibited the growth of SRB, resulting in the
decrease of removal rates of Zn*" and SOZ‘. The
inhibition by ZPT was enhanced with an increased ZPT
concentration. In addition, the presence of Fe’ could not
only enhance Zn>" and SO  removal rates, but also
increase the resistance of SRB to ZPT toxicity.

3) The effects of variables using RSM, optimal
operating conditions were found to be: pH 7.45, 33.61 °C,
and ZPT concentration of 0.62 mg/L. Under these
conditions, the removal rate of SO~ was found to be
91.62%, which was consistent with the overlay plot

results. Therefore, RSM could be effectively adopted to
optimize the operating multifactor in
biodegradation process.

complex
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