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ABSTRACT

In this study, the contribution of impact factors of functional microbes on Cr(VI) removal was
ranked by Plackett-Burman experiments. The optimization of the more sensitive factors, such as
carbon source, inoculation percent, temperature, and pH, was conducted to improve removal rate
of Cr(VI) through Box-Behnken design of response surface methodology. The maximum removal
rate over 90.84% and microbial optical density (OD,,) over 1.36 were obtained under the opti-
mal culture conditions of carbon source of 1.8 g.L !, and inoculation percent (v/v) of 10% when
pH at 8.0 and temperature at 30°C. Microscopic characterization and energy spectrum analysis
of products by scanning electron microscopy-energy dispersive spectrometer and X-ray pho-
toelectron spectroscopy confirmed that Cr(VI) in water-solution was effective stabilized and
reduced to Cr(Ill)-precipitation by bioremediation. In addition, the variation of microbial com-
munity structure revealed that removal rate of Cr(VI) varied greatly in conjunction with differ-
ent microbial species. Our findings showed that the most predominant species was Bacillus mega-
terium increasing to 84.96%, followed by Pseudomonas putida, Stenotrophomonas maltophilia, and
Ochrobactrum sp. Optimization research opens a major potential avenue for Cr(VI) removal, which
could quickly reduce environmental and economic concerns.
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1. Introduction

Chromium(Cr) pollution and its negative impact on
ecology system have gained substantial concerns around
the world. Therefore, researchers are trying to develop an
efficient technology for removal Cr pollution [1]. As the

* Corresponding author.

common states in the natural environment, Cr(Ill) and
Cr(VI) have a great difference in mobility, bioavailability,
and toxicological properties [2]. Cr(Ill) is considered to be
stable and non-toxic in nature environment. Also, Cr(III)
plays a positive role in maintaining the blood glucose
level, and decreasing body fat, cholesterol, and triglyceride
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levels [1,3]. However, Cr(VI) is considered highly toxic,
solubility, and bioavailability as it causes severe ill effects
on human and animal health [4]. Therefore, it is urgent to
screen a cost-efficiency and eco-friendly method for con-
version Cr(VI) to Cr(IIl) [1,5]. In recent years, removal of
Cr(VI) is through various physical, chemical, and biologi-
cal method [3]. Of these, bioremediation by microorgan-
isms is widely concerned for removal Cr(VI) [1,2]. Xu et al.
[6] concluded Deinococcus radiodurans R1 showed around
25.1% Cr(VI) reduction under in-vitro conditions in the
initial 500 um Cr(VI). In addition, Gonzalez et al. [5] iso-
lated a native bacteria (Serratia sp. C8.) from tannery sed-
iments located in Elena, and this strain could reduce 80%
of 20 mg L? Cr(VI) [5]. However, a harsh environment
and poor nutrition might lead to the lower activity and
population of the functional microorganisms, and cause a
negative impact on Cr(VI) removal in bioremediation [7].

In order to enhance Cr(VI) removal efficiency and
achieve long-term bioremediation, it is necessary to opti-
mize the nutrients and culture conditions of functional
microorganisms [8]. Previous studies have summarized
the influence factors including carbon source, nitrogen
source, pH, temperature, etc. [9,10]. It may cause negative
effect such as low biological activity, rare microbial species,
and long remediation cycle due to the lack of optimization
process for variables [11,12]. Based on the above problems,
more attentions are given to optimize sensitive factors to
improve Cr(VI) removal efficiency [1,8]. Sathishkumar et
al. [13] investigated the reduction rate by Pseudomonas stu-
tzeri L1 and Acinetobacter baumannii L2 was up 97% and
99% under the optimal conditions for 24 d [13]. Therefore,
it is necessary to optimize the more sensitive factors for
improving Cr(VI) removal by microorganisms.

Various methods such as response surface methodology
(RSM) can be used as a very significant statistical tool that
can be efficiently used for optimization of bioremediation
process [14]. It not only avoid “change-one-factor-at-a-time”
in the traditional method, but also increase mathemati-
cal and statistical techniques [15,16]. The aim of RSM is to
find out optimum response which is influenced by several
independent variables [17]. Box-Behnken design (BBD), as
the type model of RSM, has been used to design and evalu-
ate the interactive effects of experimental variables [18,19].
Previous studies have been reported RSM-BBD to optimize
for degradation of organic pollutants [20]. However, RSM-
BBD for improving Cr(VI) removal by optimizing sensitive
factors of functional microorganisms, is rarely studied.
This is one explain that lower activity, less population, and
slower metabolism of microorganisms in the natural envi-
ronment lead to poor Cr(VI) removal during bioremedia-
tion before optimization experiments [21,22]. Moreover, few
have focused on the relationship between Cr(VI) removal
and microbial community succession, and which microbial
species was the most contributor during bioremediation.

Therefore, the objective of this study to improve Cr(VI)
removal efficiency by optimization experiment of RSM-
BBD, explore the bioremediation mechanisms of Cr(VI),
and reveal microbial community succession during biore-
mediation. The paper also highlights potential use of
functional microorganisms for bioremediation of Cr(VI)
under in-situ condition.

2. Materials and methods
2.1. Microorganism and media

The functional microbes (YX-CM) using this study,
S. maltophilia, Ochrobactrum sp., Bacillus megaterium strain,
and Pseudomonas putida, were isolated from a chromite
factory (36°30'N, 101°51'E) in Qinghai province, China.

The YX-CM was cultured in Erlenmeyer conical
flasks (300 mL), each holding 100 mL of Nutrient Broth
(NB) for enrichment having the medium composition as
(g L™): 6 tryptone, 3 yeast extract, 6 NaCl, 0.5MgSO,-H,0,
0.5K,HPO,, pH 8.0, and was sterilized at 121°C for 30 min.
0.1415 g of K,.Cr,O,, as the source of Cr(VI), was added into
1 L of medium, and its initial concentration is 50 mg.L™.
All experimental groups were maintained at 25°C + 2°C in
a rotary shaker at 120 rpm for rejuvenation of microbes.
Then, the microbial optical density (OD.) was up to
0.4 for further investigation.

2.2. Cr(VI) removal experiments

A set of experiments were performed to assess the
contribution of various factors to remove Cr(VI). After
enrichment culture, the YX-CM was inoculated into the
fresh medium with independent variation factors in
Erlenmeyer conical flasks (250 mL). All experimental
groups were cultivated into a rotary shaker with 120 rpm
at 25°C for 15 d. 5 mL of samples in different experimen-
tal groups were taken to analyze the residual Cr(VI) by
the 1.5 diphenylcarbazide method using a UV/vis spectro-
photometer (TU-1810, and Puxitech, China) at the wave-
length v = 540 nm, and the microbial optical density was
detected at the wavelength 600 nm. The removal rate of
Cr(VI) was calculated according to the following formula:

n= CUC;C x100% (1)

0

where 1 is the removal rate of Cr(VI), C, is the initial concen-
tration, C, is the concentration after 15 d.

2.3. Plackett—Burman design

According to microbial self-nutrition types and cul-
ture conditions, the carbon source, nitrogen source, pH,
temperature, inoculation size, rotational speed, and salin-
ity percent were selected. The relative importance of fac-
tors on Cr(VI) removal were screen out and evaluated vis
the Plackett-Burman design. The details information of
parameters is listed in Table 1.

2.4. BBD-RSM experiments

Based on the results of Plackett-Burman design, and
the path of steepest ascent experiment, Design Expert soft-
ware 8 (Stat-Ease, Int. Co., Minneapolis, MN, USA) was
applied for optimization experiments of sensitive factors
by response surface method (RSM). The levels of different
process variables of all the experimental were shown in
Table 2. A 29-run BBD in RSM with four factors and three



234 X. Yan et al. / Desalination and Water Treatment 217 (2021) 232-242

Table 1
Experimental parameters in two levels used for Cr(VI) removal
by YX-CM using Placket-Burman design

Parameter Symbol  Experimental value
Code Lower Higher

Carbon source (g L) X, 0.6 3.0
Nitrogen source (g L™) X, 0.4 12
pH X, 7 11
Temperature (°C) X, 20 40
Rotational speed (rpm) X, 80 160
Inoculation size (v/v) (%) X, 5 15
Salinity percent (%) X, 2 6

Table 2

Selected parameters at different levels used for Cr(VI) removal
in experimental groups

Factor Parameter Level
Low Center High
A Carbon source (g L) 06 18 3.0
B pH 6 8 10
C Temperature (°C) 20 30 40
D Inoculation percent (v/v, %) 5 10 15

levels, was conducted to analyze and optimize the levels
of sensitive factors and interaction effects between various
culture conditions which could influence the removal rate
of Cr(IV) (Table 3). For statistical estimation, the various
variables were determined according to the following
equation:

X, - X
x":( AX, . @

where x, was value of the independent variable, X, was
the actual value of the independent variable, X, was the
actual value of X, at the center-point, and AX; was the
value of the step change.

The response Y obtained was analyzed by multiple
regression to fit the following second-order polynomial
model:

Y= Bo + ZB:‘xi + Z:Biixi2 + ZB:‘;X:"‘/ ®)

where Y was the predicted response (the removal rate of
Cr(1V)), x, and X, were the coded independent variables
affecting the Y, B, was an intercept, and B, j3,, and (‘2’1‘]‘ were
the coefficients of the ith linear, quadratic, and interactive
terms, respectively.

The significance of factors and their interactions in
the model were evaluated by ANOVA analysis, and the
significance level was identified 0.05. Then, the optimiza-
tion of different factors was served to enhance the removal
rate of Cr(VI) by desirability function.

2.5. Model validation

Two independent bioremediation of Cr(VI) experiments
were carried out under the optimal conditions obtained
from RSM-BBD to verify the consistency between the model
prediction and the actual experiments.

2.6. Microbial community structures analysis

The DNA of experimental groups were extracted at
regular time interval of 5 d using the E.Z.N.ATM Mag-
Bind bacterial DNA kit (OMEGA, D5625-01) according
to the manufacturer’s instruction. The amplification and
library preparation of the V3-V4 region of the 165 rRNA
gene was performed. In the design, the 27F/1492R prim-
ers complementary to the up and down stream of V3-V4
was considered as the templates. To ensure the quality of
the sequence, the sequence length, and nucleotide ambigu-
ity were screened. Simultaneously, the reads of sequencing
(forward, reverse) were combined by FLASH 2. A range
of reads from 150 to 600 bp were reserved in the sequenc-
ing process. After all steps, the sequencing data were
analyzed to detect microbial community structure [23].

2.7. Characterization of products

To explore the further mechanisms of Cr(VI) removal,
the precipitated products after bioremediation were charac-
terized by scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS) and X-ray photoelectron
spectroscopy (XPS) analysis. For SEM, the detailed steps
were listed as following: the precipitated products were
centrifuged at 6,600 rpm for 16 min and fixed using 2.5%
(v/v) glutaraldehyde in phosphate buffer solution (PBS
0.1 M 8.0) for 12 h, then, after washing repeatedly by PBS,
the samples were carried out dehydration experiment
by ethanol solution with gradient concentration (30%,
50%, 70%, 90%, 95%, and 100%) for 14 min at each stage.
Thereafter, samples were dried with dry ice, fixed on an
aluminum stub, and coated with gold before observation
by SEM at 200 kV (Jeol-840A, Japan). The main elements of
precipitated products were analyzed by EDS. The variation
in the chemical valence of the precipitated products was
identified by XPS analysis. After being dried and ground,
samples were fully laid on a 0.5 cm x 0.5 cm double-sided
tape, attached to aluminum foil, and fixed between two flat
stainless steel modules. Then, the samples were placed in a
instrument for testing. XPS analysis was carried out using
an Escalab 250Xi X-ray photoelectron spectrometer with
monochromatic Al Ka (h, =1,486.6 eV) X-ray radiation [24].

3. Results and discussion

3.1. Contribution of the main factors of
YX-CM for removal Cr(VI)

The contribution of different variation factors for
Cr(VI) removal were screened and shown in Table 4.
Alarger gaps ranging from (18.20 + 0.89)% to (79.09 + 2.07)%
suggested that various factors with different levels had
an significant influence on Cr(VI) removal. The result is



X. Yan et al. / Desalination and Water Treatment 217 (2021) 232-242 235

Table 3

Experimental plan based on BBD and results of Cr(VI) removal rate
Run Experimental value Cr(VI) removal (%)

Carbon pH Temperature Inoculation Experimental Predicted
source (g.L7) °O) percent (v/v) (%)

1 0.60 6.00 30 10.00 63.96 62.47
2 3.00 6.00 30 10.00 73.84 73.45
3 0.60 10.00 30 10.00 70.36 69.07
4 3.00 10.00 30 10.00 76.28 76.09
5 1.80 8.00 20 5.00 71.88 65.84
6 1.80 8.00 40 5.00 66.52 59.59
7 1.80 8.00 20 15.00 73.28 79.19
8 1.80 8.00 40 15.00 69.24 72.94
9 0.60 8.00 30 5.00 49.72 56.44
10 3.00 8.00 30 5.00 62.68 65.44
11 0.60 8.00 30 15.00 75.2 69.78
12 3.00 8.00 30 15.00 86.52 78.78
13 1.80 6.00 20 10.00 78.16 79.30
14 1.80 10.00 20 10.00 73.6 71.05
15 1.80 6.00 40 10.00 59.48 60.19
16 1.80 10.00 40 10.00 80.64 77.66
17 0.60 8.00 20 10.00 71.6 70.29
18 3.00 8.00 20 10.00 76.44 79.29
19 0.60 8.00 40 10.00 61.24 64.03
20 3.00 8.00 40 10.00 70.32 73.03
21 1.80 6.00 30 5.00 58.44 59.02
22 1.80 10.00 30 5.00 60.72 63.63
23 1.80 6.00 30 15.00 72.92 72.37
24 1.80 10.00 30 15.00 72.88 76.98
25 1.80 8.00 30 10.00 90.84 88.59
26 1.80 8.00 30 10.00 85.6 86.56
27 1.80 8.00 30 10.00 83.2 84.56
28 1.80 8.00 30 10.00 89.52 87.96
29 1.80 8.00 30 10.00 88.64 87.56

Table 4

Twelve-trial Placket-Burman design matrix for seven variables with coded values along with observed removal rate of Cr(VI)

Run Carbon Nitrogen pH Temperature Rotation Inoculation Salinity Removal rate
source (g.L7) source (g.L7) (°C) rate (rpm) size (%) (gL™ of Cr(VI) (%)
1 0.6 12 11 20 80 5 6 52.19 +1.32
2 0.6 1.2 11 20 160 15 6 79.09 +2.07
3 0.6 0.4 7 40 160 15 6 73.50 +1.99
4 3.0 12 7 20 160 15 2 74.81+1.76
5 0.6 0.4 11 40 80 15 2 61.20+1.23
6 3.0 1.2 11 40 80 15 2 66.09 +1.90
7 0.6 1.2 7 40 160 5 2 69.35 +2.08
8 0.6 0.4 7 20 80 5 2 60.40 £2.11
9 3.0 0.4 7 20 80 15 6 55.88 +1.51
10 0.6 12 7 40 80 5 6 27.36 +1.09
11 3.0 0.4 11 20 160 5 2 18.20 £ 0.89
12 3.0 0.4 11 40 160 5 6 32.45+0.27
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summarized in Fig. 1, the carbon source, pH, temperature,
and inoculation size were found the relative significant for
Cr(VI) removal rate.

As the necessary nutrients, carbon source had a pos-
itive effect on population and activity of the functional
microorganisms. Chen et al. [25] confirmed that adequate
nutrients contributed to increasing Cr(VI) removal effi-
ciency by improving population and activity of functional
microorganisms during bioremediation. Moreover, previ-
ous studies have believed carbon source by supplying elec-
trons can aid to reduce Cr(VI) to Cr(Ill) [26,27]. Therefore,
it was relative reasonable that carbon source was the most
sensitive factor affecting Cr(VI) removal of bioremediation.

It was important to detect inoculation percent had an
significant effect on Cr(VI) removal. The removal rate var-
ied significantly in conjunction with inoculation percent
increased greatly from 5% to 15% (v/v). In fact, the higher
inoculation size can effectively improve microbial repro-
duction and metabolism in the bioremediation systems.
Therefore, compelling microorganisms to resist harsh
environment rapidly by bioremediation Cr(VI) rather than
continuing to maintain adaptation period [28].

The temperature was controlling the growth of micro-
organisms and Cr(VI) reductase activity. Too lower or
higher temperature had an adverse influence on the Cr(VI)
removal. Previous studies reductase inactivation of biore-
mediation systems can be attributed to the unsuitable
temperature [5]. In addition, with the increasing of tem-
perature from 40°C to 50°C, the poor microbial population
and activity led to the low removal rate [29].

The pH was also a sensitive factor in the bioremedia-
tion process of Cr(VI). First, a negative correlation between
extreme pH and Cr(VI) bioremediation has been well proved
in the previous studies [8]. The lower pH (<4) caused the
desorption and oxidization of chromium after biosorption,
whereas at higher pH (>10) affected microbial activity and
population [16]. Therefore, it was necessary to optimize the
pH of functional microorganisms during bioremediation.
Shahid et al. [1] observed the important relationship between
pH and the population and activity of microorganisms on

Cr(VI) removal.

FInoculation size

_tation rate

~Temperature

FNitrogen source

-20 -10 0 10 20 30

Fig. 1. Estimated effects of seven variables via Plackett-Burman
design on Cr(VI) removal.

3.2. Effect of sensitive factors on the model

Experiments were completed to scrutinize the combined
effect of four different process parameters on removing
Cr(VI) using microbes. The Design Expert software 8 was
used to determine the second-order polynomial coefficients
for each term of the equation through multiple-regres-
sion analysis. All levels like individual factor, interactions,
and linear relationship affecting the sensitive factors are
shown in Tables 3 and 5. It is revealed that the effects on
removal rate of Cr(VI) of factors at linear and quadratic
level were shown to be highly-significant.

The improved model equation was used to calcu-
late removal rate of Cr(VI). The quadratic represented the
combined effect of all parameters of the model:

Y =8756+45A+231B-3.13C +6.67D —0.99AB
+6.43BC -8.84A” —-8.45B* —11.11D° 4)

where Y is the removal rate of Cr(VI) (%); A, B, C, and
D are the coded values of selected factors, carbon source
(g L), pH, temperature (°C), and inoculation percent (%).
The linear effects, quadratic effects, and interac-
tions between the factors was generated by the form of
3D response surface plot. The center point of pH and car-
bon source showed the highest response indicating the
maximum removal rate of Cr(VI). While the removal rate
decreased at the carbon source concentration over 1.8 g.L™.
The concentration of carbon source at 1.8 g.L" achieved the
better removal rate of Cr(VI). The interactions of other fac-
tors were similar as the analysis of pH and carbon source.
Additionally, as Fig. 2 shows, the red straight line indi-
cated that the internally studentized residuals confirmed a
normal distribution. All of points around the straight line
had a small amplitude, which implied nearly normal data.
The purpose of linear and interaction analysis was to obtain
an accurate polynomial function, and composite regression
analysis was applied to confirm the model coefficients.
Analysis of variance (ANOVA) was used for test-
ing the adequacy of the developed model and to know
the statistical significance of the regression coefficients.
In order to confirm significance of the statistical model,

Color points by value of
Removal rate of Cr(VI):

2T 90.84 =
o5 | | =
90 | 49.72 4=

70 &

50 | &

30 |

20 + F

10 -

Normal probability / %

-1.00 0.00 1.00 2.00 3.00
Internally studentized residual

-2.00

Fig. 2. Normal plot of residuals.
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the ANOVA test was carried out and the obtained results
are listed in Table 5. The Fischer value of the experimental
model (F) (27.59) was much higher than the critical F-value
at a level of 5%. The terms presenting p-value lower than
0.05 were significant. These findings indicated that the
model was extremely significant with a higher confidence
level (99.98%). The lack of fit was 0.1352 (>0.05), suggesting
that removal item of the model was not-significant and not
missing a valid item. Therefore, the model was considered
statistically significant, and it was suitable. The coefficient
of determination R? = 0.9868 closes to 1.00, in regression
equation then the fitted model was considered as highly
correlated [41]. In addition, the value of adjusted determi-
nation coefficient (Adj. R? = 0.9738) was also found accept-
able, confirming the model was significant. The value of
coefficient of variation (CV = 1.32%) explained that there
was superiority in the experimental data and the model,
that is, lower value of CV shows high degree of preci-
sion (Table 5). Fig. 3 checked the model by coefficient of
determination (R* = 0.9917) for Cr(VI) removal. Suggesting
that all points closed to the straight line revealing signif-
icance and accuracy of the model. Therefore, these find-
ings proved the aptness of the predicted model by the
BBD for Cr(VI) removal.

3.3. Response surface plotting and removal Cr(VI) optimization

In order to describe the interaction of factors more
intuitively, three dimensional response surface plots are
shown in Fig. 4. In the model, the carbon source (A) was
the most significant variable affecting the response, and

Table 5
ANOVA for response surface quadratic model
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showed significant interaction with pH (B), temperature
(C), and inoculation percent (D). The first graph (Fig. 4a)
illustrates the interaction between A and B. With an increase
in A from 0.6 to 3.0 at pH 8.0, the removal rate of Cr(VI)
improved to 83.40% rapidly. The interactions between
variables A and C are represented in Fig. 4b. The removal
rate was found to receive positive influence by a increas-
ing in both A concentration and C while considering the
third factor pH at a constant level of 8.0. A higher value
close to 85.6% can be achieved around 1.8 g.L of A, at

100
= Experimental

. 90F Predicted .
- y=0.92913x + 5.6134
3 80F R2=09917
g L
—~ 70 -
=
&)
= 60F
]
2 -
'§ 50 +
~ L

40 |-

1 1 1 1 1
40 50 60 70 80 90 100

Experimental Cr(VI) removal /%

Fig. 3. Comparison of actual and predicted values on Cr(VI)
removal.

Source Sum of df Mean square F-value p-value
squares Prob. > F

Model 2,502.00 13 192.46 27.59 0.0002

A-Carbon source (g.L™) 243.00 1 243.00 9.59 0.0074

B—pH 63.85 1 63.85 2.52 0.1333

C-Temperature 117.31 1 117.31 4.63 0.0481

D-Inoculation percent (v/v) (%) 534.40 1 534.40 21.09 0.0004

AB 3.92 1 3.92 0.15 0.6996

BC 165.38 1 165.38 6.53 0.0220

CD 0.44 1 0.44 0.017 0.8974

A? 506.89 1 506.89 20.00 0.0004

B? 463.15 1 463.15 18.27 0.0007

c? 323.31 1 323.31 12.76 0.0828

D? 800.64 1 800.64 11.59 <0.0001

Residual 380.15 15 25.34

Lack of fit 341.53 11 31.05 3.22 0.1352

Pure error 38.62 4 9.65

Cor. total 2,882.15 28

Standard deviation 5.03 R-squared 0.9868

Mean 72.89 Adj. R-squared 0.9738

C.V. (%) 6.91 Pred. R-squared 0.7281

Press 1,936.53 Adegq. precision 19.015
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Fig. 4. Response surface plots showing the interactive between carbon source (A) pH (B), temperature (C), and inoculation percent (D).
Interaction of (a) A and B, (b) A and C, (c) A and D, (d) C and B, and (e) C and D.

30°C. A positive relationship of A and D is shown in Fig. 4c.
The Cr(VI) removal efficiency varied greatly (90.84%) in
conjunction with the A and D increasing rapidly. Therefore,
the importance of microbial nutrients should be emphasized,
as it played a major role to achieve the higher removal rate of
Cr(VI). Carbon source have been proved it could be the
electron donor providing opportunities for Cr(VI) reduc-
tion [10]. At low concentration of carbon source, the activity
and population of microorganisms were limited, resulting
in the decreased of Cr(VI) removal [30]. On the other hand,
Fig. 5d helped to interpret the interaction between factors,
B and C at a constant level of A (1.8 g.L'!). The placement
of the point of optimization at the center indicated an
increasing trend in the value of pH (6-8) from the center
point accompanied by C of around 25°C-30°C can pro-
vide a maximum removal rate of around 89.52%. Likewise,
with the increase of C and D to 30°C, 10%, respectively,
the maximum removal rate was up to 88.64% (Fig. 4e).
According to the RSM plots and statistical analy-
sis, a carbon source level of 1.8 g.L?, pH 8.0, at 30°C,

and inoculation percent of 10% were predicted to be an
optimal design for enhancement of removal rate of Cr(VI).

3.4. Determination of optimal conditions and validation of model

In order to verify of the optimal condition foretold
on Cr(VI) removal by the model, the experiments were
performed in triplicates. After optimization of four fac-
tors. The microbial culture conditions were set as follow-
ing: inoculation size 10% (v/v), carbon source 1.8 g.L7,
pH 8.0, and temperature 30°C. The removal rate of Cr(VI)
was up to 89.01% for 15 d, and the OD,, increased rap-
idly from 0.20 to 1.38 at the first 10 d (Fig. 5). It was
observed that the removal rate of Cr(VI) varied signifi-
cantly in conjunction with the OD, value increase greatly.
Above results were in close consistent with the model
prediction, suggesting that this model could well predict
the Cr(VI) removal rate by YX-CM. Researchers have
proved that the BBD model can accurately predict the
biodegradation of atrazine by Bacillus badius ABP6 [18].
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Fig. 5. Validation of Cr(VI) removal by bioremediation under
the optimized condition.

In a comparison with control groups without inocula-
tion microorganisms, the removal rate was only 4.27%
(Fig. 5). This can be attributed to biosorption of the organic
medium [19,21]. Similar study was also conducted by
Vijoyeta and Shubhalakshmi on bioremediation Cr(VI)
by Dmanglicolous fungi, resulting in a significant rise in
removal rate of Cr(VI) by optimizing the important factors [31].

3.5. Microbial community succession

The variation of microbial community structures was
significantly correlated with nutritional types of micro-
organisms and environmental conditions [32]. In this study,
data analysis of microbial community succession revealed
that the main microbial species (S. maltophilia, Ochrobactrum
sp., P. putida, and B. megaterium) were always dominant
communities (Fig. 6). However, the relative abundance
of them varied greatly during bioremediation.

As one of the most abundant microbial species in the
natural environment, Bacillus sp. has been widely applied
to the bioremediation of heavy metals in the contami-
nated sites [33,34]. In this study, relative abundance of
B. megaterium increased from 21.07% to 84.96% under the
optimal culture conditions. The result can be explained
by two factors: the stronger adaptability and competitive.
According to the previous studies, the most bacteria could
developed various types of resistance mechanisms to adapt
to the toxicity of Cr(VI) [35]. The resistant mechanism aided
B. megaterium to adapt to the new environment rapidly and
provide opportunities for reproduction. Numerous studies
have confirmed that a positive correlation between Cr(VI)
removal efficiency and the population of microorgan-
isms occurred into the bioremediation systems under the
suitable nutrients and environmental parameters [16,34].
Simultaneous, other studies support that the harsh envi-
ronment would stimulate easily the growth and activity of
microorganisms to adapt to the present situation [36,37].
Moreover, B. megaterium, as gram-positive bacteria, can
tolerate higher Cr(VI) concentration and possess stron-
ger competitive due to thicker cell membrane and cap-
sule structure [38]. Therefore, the relative higher abun-
dance of B. megaterium during the bioremediation process
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Fig. 6. Relative abundance of each microbial species during
bioremediation.

was reasonable. For S. maltophilia, the relative abundance
decreased from 32.91% to 2.70% in 15 d. One explanation
was that the poor competitive caused microbial death in the
new chromium-contaminated environment [28]. The varia-
tion of Ochrobactrum sp. was significant that it was hardly
detected. This result can be related to the poorer compet-
itiveness of Ochrobactrum sp. than other [39]. The P. putida
decreased to 2.132% in the first, then, gradually increased
to 12.32%. One of the major reasons for variation of P. putida
was to adapt to the new Cr(VI) environment for days, and
then, P. putida was gradual recovery activity in the bioreme-
diation systems. The adaptability and competitiveness of
every microbial species had an significant influence on their
relative abundance in bioremediation [37]. Finally, in this
study, the OD,, increased from 0.2 to 1.38 in 10 d, suggest-
ing that the population YX-CM increased rapidly under the
optimal culture conditions, and providing enough biologi-
cal materials for Cr(VI) removal [40,41]. Therefore, together
with the variation of removal rate of Cr(VI), these results
suggest that the competitiveness and tolerance of different
microbial species can be responsible for the changes in rel-
ative abundance and ultimately affect microbial community
succession in the bioremediation ecosystem [34,39].

3.6. Characterization of precipitated products by
SEM-EDS analysis

To further explore the removal mechanism of Cr(VI) by
microorganisms, precipitated products after bioremedia-
tion were collected to investigate microscopic morphology
and main elements by SEM-EDS. The results are illus-
trated in Fig. 7. As can be seen, clearly visible the products
with dark-blue precipitation accumulated in the bottom
of centrifugal tube (Fig. 7a). This was due to the Cr(VI) in
water-solution transforming into Cr(IIl)-precipitation (dark-
blue) and chromium-chelate compounds [42,43]. The pre-
cipitated products existed in various solid structure with
different sizes observed by SEM (Fig. 7b). Further analysis
of SEM-EDS spectra showed that Cr signals was relative



240 X. Yan et al. / Desalination and Water Treatment 217 (2021) 232-242

Fig. 7. SEM-EDS analysis of precipitated products:

(a) collecting the

) € ¢
Element | Wt% | At%
10
34K CK 5735 | 66.38
- 0K 77 | 410
NK 581 | 576
245K
K 4| 084
11 MK | 247 | 150
g CIK 142 | 056
L L] PK 0.66 0.29
K I T ast SE o a Matrix |Correction| ZAF
e Ak =

T T T N T

dark-blue precipitation after centrifugation,

(b) SEM images of precipitated products, and (c) EDS analysis of precipitated products.

intensely occurred into the precipitated products, and it
was up to 3.14% (Fig. 7c). The appearance of Cr signals in
the products indicated that Cr(VI) with higher mobility
and solubility was effective limited in the products during
the bioremediation process. Similar work was reported that
the Cr(VI) in water-solution could transform to precipita-
tions by different bioremediation mechanisms (bioreduc-
tion, biosorption, or biomineralizing) [12,16]. On the other
hand, the peaks of other major elements, such as C, O, N,
P, and S, were also observed, which was related to basic
microbial metabolites and microbial composition [44,45].

3.7. Characterization of chromium chemical valence by XPS

In order to determine the chromium speciation after
bioremediation of YX-CM, the valence of chromium in the
precipitated products was analyzed by XPS [46]. Previous
studies confirm that the binding energies in the range of
576.2-576.5 eV of the Cr 2p3/2 orbitals is implied Cr,O,
products, and CrCl, assigns at 577.2 eV [24]. Higher binding
energies (585, 588 eV) belong to Cr 2p1/2 orbitals of Cr(OH),
[47,48]. In this study, the XPS spectrum depicted two peaks
at 576.3 and 585.2 eV, indicating Cr(III) products in the pre-
cipitated under high-resolution scanning (Fig. 8), which
was in agreement with the previous researches suggesting
the same Cr(Ill) binding energy value [49-51]. The results
revealed Cr(VI) in water-solution was transformed into
Cr(II)-precipitation in the bioremediation process by YX-CM.

4. Conclusions

This study presented the contribution of important fac-
tors to Cr(VI) removal by bioremediation of YX-CM. Carbon
source, inoculation percent (v/v), temperature, and pH
were screened as the sensitive factors of culture conditions
for further study. A RSM-BBD for optimization of microbial
culture conditions aimed to improve the removal rate of
Cr(VI). The maximum removal rate over 90.84% and micro-
bial optical density (OD, ) over 1.36 were obtained under
the optimal culture conditions of carbon source of 1.8 g.L7,
and inoculation percent (v/v) of 10% when pH at 8.0 and
temperature at 30°C. After bioremediation, SEM-EDS and
XPS analyses of products demonstrated Cr(VI) with higher
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Fig. 8. XPS spectra of high-resolution scan of chromium in
precipitated products.

mobility and solubility were effective limited and reduced
to Cr(Ill)-precipitation. In addition, microbial commu-
nity succession revealed that mixed functional microbes
(YX-CM) were the dominant flora during the bioremedi-
ation. As the most contributor, the relative abundance of
B. megaterium increased from 21.07% to 84.96%. Finally,
it can be concluded that YX-CM can surely be used as an
efficient and eco-friendly remediation material which will
make more sustainable remove Cr(VI) from the chromium-
contaminated sites.
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