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Abstract—We studied the mechanism for the simultaneous removal of nitrate and Ni(Il) by Enterobacter sp. CC76.
Response surface methodology results showed that the maximum removal ratios of nitrate and Ni(II) were 95.02% and
75.99% under the following conditions: pH 7.37, 54.31 mg~L’1 Fe(II), and 10.00 mg-L’1 Ni(II). The mechanism of
Ni(II) removal involved Fe-oxide adsorption and the increase of pH. In addition, meteorological chromatography anal-
ysis indicated that Ni(II) affected gas composition during denitrification. Scanning electron microscopy and X-ray pho-
toelectron spectroscopy confirmed that Fe-oxide adsorption was the main contributor to Ni(II) removal. This study
shows that Enterobacter sp. CC76 can enhance the adsorption of Ni(II) onto Fe-oxides while removing nitrate.

Keywords: Mixotrophic Denitrification, Ni(II) Removal, Nitrate Removal, Response Surface Methodology (RSM), Ad-
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INTRODUCTION

In recent years, the problem of nitrate contamination in ground-
water has become more serious [1]. When nitrate enters the body,
it is reduced to nitrite, causing methemoglobinemia and has a cer-
tain carcinogenic effect [2,3]. Therefore, the issue of controlling nitrate
pollution is urgent. At present, the nitrate removal method mainly
includes three aspects: biological, physical and chemical [4,5]. The
biological method is to remove nitrate from water by using micro-
organisms to convert nitrate into nitrogen, which has the advan-
tage of less investment, and thus is widely used [6]. However, when
excess organic are provided, biological denitrification, including auto-
trophic denitrification, also produces some secondary pollution [7].

The content of nickel in the earthis crust is second only to silicon,
oxygen, iron and magnesium. It is widely found in various com-
pounds in soil and water [8]. Metal nickel and nickel compounds
have great commercial and industrial uses, such as coin making,
mobile communications [9]. Nickel enters the human body through
ingestion, respiratory inhalation and epidermal absorption [10], which
can cause harm to human health. Previous studies have demon-
strated the harmful effects of nickel on the human body; including
affecting protein activity, causing dermatitis and carcinogenesis [11,
12]. The widespread use of nickel-containing products causes nickel
and its by-products to pollute the environment [13]. For example,
wastewater discharge from the electroplating industry [14] and the
mineral processing industry [15] causes nickel to enter the aqueous
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environment [16]. Ni(II) is also widely found in many nitrogen-
rich wastewaters [17]. Di Capua et al. and Zou et al. discussed the
effects of nickel on autotrophic and heterotrophic denitrification
[18,19], which helped to carry out the research on the simultane-
ous removal of nitrate and nickel from water.

The treatment methods for nickel-containing wastewater mainly
include chemical precipitation, physical adsorption and ion exchange
[20]. Pandey et al. used calotropis procera to make an adsorbent
that removed 85% of nickel from industrial wastewater [21]. Moo-
savirad et al. used ion exchange to remove 77% of Ni(II) from waste-
water of ceramics plants [22]. In terms of biological methods, Al-
Gheethi et al. used a drug-resistant strain to remove Ni(II) from
pharmaceutical wastewater, with a removal ratio of 58.32% [23].
Quintelas et al. used an Escherichia coli biofilm supported on zeo-
lite NaY to treat low metal concentration wastewater with an 82%
removal ratio for Ni(II) [24]. The Ni(II) removal ratio in this study
was 75.99%, which is basically at the same level as the above meth-
ods. Note that this study still has a high removal ratio (95.02%) for
nitrate while removing Ni(II). The simultaneous removal of such
multiple pollutants is our highlight.

We used the previously isolated Enterobacter sp. CC76 to deter-
mine the mechanism of the simultaneous removal of nitrate and
Ni(II) [25]. According to the previous reports, CC76 can use sodium
acetate and Fe(1I) as electron donors to combine Fe cycle and denitri-
fication to enable efficient nitrate removal, the maximum nitrate
removal rate is 0.24 mg-L™"-h™, and the product is N, [25,26]. On
the basis of response surface methodology (RSM), the effects of pH,
initial Ni(IT) and Fe(II) concentrations on the process were investi-
gated. The removal mechanism of Ni(II) was investigated by X-ray
photoelectron spectroscopy (XPS) and scanning electron micros-
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copy (SEM). Gas chromatography was used to detect the difference
in gas production during denitrification under different conditions.
The feasibility of the simultaneous removal of nitrate and Ni(Il) was
demonstrated.

MATERIALS AND METHODS

1. Media

Mixotrophic medium was used for cultivation of Enterobacter sp.
CC76. The medium contained the following components (per liter
of distilled water): 0.10 g of NaNOs, 0.25 g of NaHCO;, 0.125 g of
CH,COONg, 0.10 g of K,HPO,, 0.05 g of MgSO,-7H,O and 2.00
mL of trace elements solution. The final pH of medium was ad-
justed to 7.00 by using 1 M HCl or NaOH. The trace element solu-
tion used in this study was comprised of the following reagents:
0.50g-L™" MgSO,-7H,0, 1.00g-L™ EDTA, 1.00g-L™" ZnSO,, 0.10g:
L' MnCl,-4H,0, 0.50 g-L"" FeSO,-7H,0, 0.50 g-L™" CuSO,-5H,0,
0.20g-L"" CoCl,-6H,0. The medium was then sterilized by auto-
claving at 0.11 MPa, 121 °C for 30 min. Concentrated soluble sterile
Fe(I) and Ni(II) stock solutions were made by adding FeSO,-7H,0O
and NiCl,-6H,0 to distilled water.
2. Optimization of Cultivation Conditions for Maximum Re-
moval of Nitrate and Ni(II) by Using RSM

The nitrate and Ni(II) removal ratios were optimized by Box-
Behnken Design (BBD) of RSM with the help of Design Expert 8
software. Ranges and levels of the three variables were designed: Fe(II)
concentration (20.00, 40.00, 60.00 mg-L™"-h™); Ni(I) concentration
(10.00, 20.00, 30.00 mg-L™") and pH (6.00, 7.00, 8.00). All experi-
mental setups were performed as previously described, ie., the
medium contained 0.10 g-L™" of NaNO,.
3. Study on the Mechanisms of Ni(II) Removal

To demonstrate that the nickel removal in this study was indeed
related to the biological effects of strain CC76 and not just the ad-
sorption of heavy metals onto Fe-oxides, three sets of experiments
were designed as shown in Table 1. The mixotrophic medium was
poured into a 100 mL bottle for sterilization, and a given volume
of 10 mg-mL™" Ni(Il) stock solution was added to the bottle. The
headspace of each bottle was purged with argon gas at the begin-
ning of the experiment. The bottles were sealed using a rubber stop-
per under an anoxic atmosphere. The adsorption experiment was
in a constant temperature incubator. Samples were taken every day
to observe the removal of Ni(II). By comparing the difference be-
tween the control group and the experimental group, the biologi-
cal effect of strain CC76 on Ni(II) removal was demonstrated.

To demonstrate that the increase in nickel removal may be related
to the changes in pH, a comparative experiment was designed to

Table 1. Conditions of the adsorption experiments

test this hypothesis. The medium was treated as before, and 1 M
HCI or NaOH was added to the experimental group to keep the
pH constant at 6.60. The initial Ni(IT) concentration was set to about
8.00 mg-L™', and 5% of the Enterobacter sp. CC76 was inoculated.
4. Detection and Analysis of Gas Emission During Denitrifi-
cation

As previously described, the mixotrophic medium was poured
into a 1,000 mL bottle for sterilization, then inoculated with 5%
Enterobacter sp. CC76 and sealed with a rubber stopper to ensure
an anaerobic environment. Two sets of experiments were designed
for gas detection. A certain amount of Ni(II) solution was added
to the experimental group to make the initial Ni(II) concentration
10.00 mg-L ™", and the control group was not treated. The initial pH
was adjusted to 7.00. Gas was withdrawn from the top of the bot-
tle daily to detect changes in N, and N,O.
5. Analytical Methods and Statistical 1Analysis

NO;-N, NO;-N, Fe(Il) concentration and optical density (ODgy)
in the aqueous solution were confirmed by ultraviolet spectropho-
tometer (DR 5000, HACH, the USA) according to standard meth-
ods. The concentration of Ni(II) in the solution was measured with
an atomic absorption spectrophotometer (ICE 3500, USA). The
pH was measured with a pH instrument (HQ11d, HACH, USA).
Scanning electron microscopy (SEM, JSM-5800, Japan JEOL) was
used for the analysis of the microstructure of Fe-oxides. The com-
position of the Fe-oxides was analyzed by X-ray photoelectron spec-
troscopy (XPS). The gas were analyzed by a gas chromatography
instrument (PerkinElmer Clarus 600, American).

RESULTS AND DISCUSSION

1. The Growth of Enterobacter sp. CC76 with Nitrate and Ni(II)
Removal in Mixotrophic Condition

Fig. 1 shows the growth experiment of strain Enterobacter sp.
CC76. The initial Ni(IT) concentration was set to 9.50 mg-L", sodium
bicarbonate was used as inorganic carbon source, Fe(II) and sodium
acetate were used as electron donors, nitrate as an electron acceptor.
The C/N ratio used in this study was approximately 2.60. Qam-
brani et al. used acetate as electron donor to repair nitrate-contam-
inated groundwater by combined autotrophic and heterotrophic
denitrification and, using a C/N ratio of 2.68 [27], which was simi-
lar to this research.

For the experimental group, the strain Enterobacter sp. CC76 grew
slowly and the nitrate removal rate was low (0.11 mg-L™"-h™") in the
first 16 hours. This may be because the toxicity of Ni(II) inhibited
the growth of the strain. Subsequently; the nitrate content decreased
rapidly from 1531 mg-L™ at 16 h to 0mg-L™" at 48 h with a removal

Explain

Blank control

Group Content

Control group 1 Medium+Fe(II) solution
Control group 2 Medium

Experimental group

Medium+biological Fe-oxides composites*

*The composites were from the experimental product of previous experiment (filtering and air drying the biological Fe-oxides)

*The composites were added in an amount of 0.10 g
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Fig. 1. The growth experiment of strain CC76 and its blank control (a) Experimental group (b) Blank control group.

rate of 0.47 mg-L"h™". The ODj,, value increased significantly from
0.036 to 0.090 from 0 to 48 h. These results indicate that the bacte-
ria adapted to the new growth environment and successfully re-
moved the nitrate.

On the other hand, the concentration of Ni(Il) decreased from
the initial 9.50 mg-L™" to 4.18 mg-L"", and the pH slowly changed
from 6.75 to 7.41 after 72 h. In addition, nitrite accumulation up
to 6.85 mg-L™" was observed at 48 h, and then nitrite gradually de-
creased to zero within the next 24 h.

Within the first 16 h, the Fe(II) content decreased rapidly, which
may be due to natural oxidation. Subsequently; due to the Fe reduc-
tion effect of strain CC76, part of the Fe(III) was reduced to Fe(II)
(the Fe(II) content increased), which provided more electron donors
for the reaction. During the entire reaction, when the Fe(I) became
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Fe(III), it lost electrons (the Fe(IT) content decreased), and the nitrate
accepted electrons to become nitrite (the nitrate content decreased
and the nitrite content increased). However, when the strength of
Fe reduction was higher than the strength of denitrification, the
content of Fe(II) increased and the nitrate content decreased, that
is, the case shown in Fig. 1(a) from 16h to 48 h. The ability of strain
CC76 to lead to autotrophic and heterotrophic denitrification, Fe(II)
oxidation, and Fe(III) reduction at the same time was confirmed
in previous studies [25,26].

Compared with the experimental group, the blank control group
did not contain the strain, the nitrate content did not change sig-
nificantly; and the ODygy, remained at around 0.030. In addition, no
accumulation of nitrite was observed and pH did not change. The
concentration of Ni(IT) decreased from 9.50 mg-L™ to 8.34 mg-L™".
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This may be because the natural oxidation of Fe(II) produces Fe-
oxides precipitation and, then the adsorption of heavy metals onto
Fe-oxides leads to a reduction in Ni(II) [28]. The content of Fe(II)
continued to decrease due to self-oxidation, and no increase in
Fe(IT) content was observed. These results indicate that Fe(IT) had
little influence on the removal of Ni(II) when strain Enterobacter
sp. CC76 was not present.
2. Optimization of Nitrate and Ni(II) Removal by Using RSM
RSM is used to analyze three factors that affect the removal ratio
of nitrate and Ni(II): Fe(IT) concentration; Ni(II) concentration and
pH. Using software to derive the relationships between the three and
removal ratios are as follows:

Y,=55.22+15.05X,+15.52X,— 11.04X,+0.76X,X,— 3.44X, X,
—2.66X,X;— 444X~ 10.29X5—4.43X2

Y,=90.71-5.37X,+6.01X,— 6.90X;+4.83X,X,+1.57X, X,
+2.05X,X,—5.17X—5.24X3—0.74%2

where Y,=Ni(Il) removal ratio (%), Y,=nitrate removal ratio (%),
X,=pH, X,=Fe(II) concentration (mg-L"") and X;=Ni(Il) concen-
tration (mg-L™").

The F-value, p-value and correlation coefficient of the response
are shown in Table 2.1 and 2.2. The p-value represents the proba-
bility of data error, and the F-value represents the ratio of the esti-
mated parameter effect to the estimated parameter standard deviation
[29]. The results in Table 2.1 indicate that pH, Fe(I) concentration
and Ni(II) concentration (P<0.001) have a significant effect on the
removal of Ni(II). The interaction between pH and Fe(II) concen-
tration (P=0.5202) had no significant effect on the removal of
Ni(II). The data in Table 2.2 show that the most influential factor for
nitrate removal is Ni(II) concentration (P=0.0010), followed by
Fe(II) concentration (P=0.0022).

The optimized conditions as predicted by the software for the
maximum removal ratio of nitrate and Ni(II) were, pH 7.37, 54.31
mg-L™" Fe(II), and 10.00 mg-L ™" Ni(II). Under these conditions, the
maximum ratios of nitrate and Ni(IT) removal were 95.02% and
75.99%, respectively.

It can be observed from Fig. 2(a) that as the Fe(II) concentra-
tion increased from 20.00 mg-L™ to 60.00 mg-L", the removal ratio

(a) Removal of Ni( 1] )

2000 600
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Table 2.1. Analysis of variance table of Y, (Ni(II) removal ratio)

Source Coe.fﬁcient Fvalue p-Value
estimate Prob>F
Model 55.22 11874  <0.0001%**
A-pH 15.05 354.86  <0.0001%***
B-Fe(I) concentration 15.52 377.01  <0.0001***
C-Ni(II) concentration —11.04 190.89  <0.0001***
AB 0.77 046  0.5202
AC —3.44 924  0.0189*
BC -2.66 554  0.0508
A? —4.44 16.27 0.0050%*
B’ -0.29 8724  <0.0001%***
c 443 16.20 0.0050%*

Table 2.2. Analysis of variance table of Y, (nitrate removal ratio)

Source Coe.fﬁcient Fovalue p-Value
estimate Prob>F
Model 90.71 10.84 0.0024**
A-pH —-5.37 17.76 0.0040**
B-Fe(II) concentration 6.01 2220  0.0022%**
C-Ni(II) concentration -6.90 29.28  0.0010**
AB 4.83 7.18 0.0316*
AC 1.57 0.76 0.4119
BC 2.05 1.29 0.2939
A -5.17 8.66  0.0216*
B -5.24 8.89  0.0205*
c —0.74 0.18  0.6857

***Vitally significant (p-value<0.001)
**Very significant (0.001<p-value<0.01)
*Significant (0.01<p-value<0.05)

of Ni(II) significantly improved. It is presumed that the presence
of Fe-reducing bacteria can effectively increase the adsorption of
heavy metals onto Fe-oxides [30]. Previous studies pointed out that
Fe-oxides are one of the most important substances for the adsorp-
tion of heavy metals in water sediments [28], and the addition of

(b) Removal of Nitrate

2000 600

Fig. 2. 3-D surface plots of nitrate and Ni(II) removal ratio as the function of (a) Fe(II) and pH for Ni(II), (b) Fe(II) and pH for nitrate.
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microorganisms can observably increase its adsorption capacity
[31]. Small et al. reported this mechanism: bacteria can alter the
electrochemical surface properties of Fe oxide itself, thereby increas-
ing the adsorption capacity to heavy metals [30]. Lee et al. pointed
out that Fe-reducing bacteria can improve arsenic mobility in Fe
oxide minerals [32]. Daughney et al. reported the immobilization
of cadmium by bacteria-Fe oxide complexes [33]. Hohmann et al.
also reported that Fe bacteria have the ability to co-precipitate or
adsorb arsenic during the formation of Fe(IIl) minerals [34]. Mean-
while, Fig. 2(a) shows the Ni(II) removal ratio gradually increased
with increasing pH from 6.00 to 8.00. Coup and Swedlund found
that the adsorption capacity of Fe-oxides was enhanced when the
pH value increased from 5.00 to 10.00, which was similar to this
study [35].

Fig. 2(b) shows the response surface and contours of the nitrate
removal ratio as a function of Fe(Il) concentration and pH. The
responses remained horizontal when the pH increased from 6.00
to 7.00 and, then declined in the next phase. Previous research has
shown that pH plays an important role in microbial activities during
the denitrification process, because, in acidic conditions, the denitrify-
ing bacteria can better utilize Fe(II) as an electron donor to en-
hance the removal of nitrate [36]. A maximum nitrate removal ratio
of 95.02% could be observed at 54.30 mg-L™" Fe(II), and this may
be due to the increased content of electron donors, which is con-
ducive to the synthesis of cellular materials during denitrification.
3. Study on the Mechanism of Ni(IT) Removal
3-1. Adsorption Experiment

Fig. 3 shows the results of the adsorption of Ni(Il) in different
groups: (a) experimental group (0.1 g of biological Fe-oxides com-
posites was added to); (b) control group 1 (only added with Fe(II)
solution); (c) control group 2 (blank).

In the control group 1, the concentration of Ni(IT) dropped slightly
(from 13.84 to 12.12mg-L™"), and the concentration of Ni(II) did
not change in control group 2. Conversely; the concentration of Ni(II)
decreased from 12.79 to 488 mg-L™" in experimental group and,
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Fig. 3. Ni(II) adsorption results in different groups.
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Fig. 4. Influences of pH on Ni(II) removal processes.

the removal ratio of Ni(II) was 61.84%. The phenomenon in con-
trol group 1 can be explained by the adsorption of heavy metals
onto Fe-oxides [37]. In the experimental group, the Fe-oxides were
transformed to the bacteria-Fe-oxides due to the strain CC76, which
enhanced the ability of adsorption on heavy metals [31]. The above
results indicate the following: Ni(II) was not removed under natu-
ral conditions; the adsorption of heavy metals onto Fe-oxides is the
cause of the decrease in Ni(IT) content; the bacteria further strengthen
this effect.

3-2. Influences of pH on the Ni(II) Removal Processes

The influences of pH on Ni(II) removal were investigated. Two
sets of experiments were designed: (a) control group (untreated);
(b) experimental group (pH constant at 6.60).

Fig. 4 shows the differences between the two sets of experiments.
In the control group, the pH increased from 6.60 to 7.42, and the
concentration of Ni(IT) decreased from 7.70 to 3.16 mg-L™". In con-
trast, the concentration of Ni(II) only dropped slightly on the first
day in the experimental group (from 7.70 to 5.87 mg-L™"), and there
was almost no change after that. This may be due to the pH remain-
ing constant at 6.60.

The above results indicate that pH has a great influence on the
removal of Ni(II), and the reasons may be as follows:

1. The increase in the pH caused deprotonation of the Fe-oxides,
which made the surface of Fe-oxides negatively charged, and thus
could more easily adsorb metal cations in solution. Therefore, the
higher the pH of the solution, the stronger the adsorption perfor-
mance to cations [38,39].

2. The increase in the pH led to a decrease in the hydrogen ion
content in the system, which reduced the competitive adsorption
with cations, thereby promoting the adsorption of heavy metals onto
Fe-oxides [40,41].

3. The pH of 6.60 was probably not the optimal condition for
adsorption of Ni(II) onto the Fe-oxides. Previous studies have shown
that the conditions for different types of Fe-oxides to achieve max-
imum adsorption capacity are different. For example, Yang et al.
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found that a change of pH from 5.00 to 9.00 had no influence on
Sb(V) adsorption onto Fe-Mn binary oxides [42]. However, in Li
et al, when the pH was less than 9, the iron-manganese oxide had
almost no adsorption effect to the thallium, and when the pH was
more than 11, the adsorption was remarkably enhanced [43].
4. Detection and Analysis of the Gas Composition During
Denitrification

Two sets of gas analysis experiments were designed to investi-
gate the effects of different Ni(IT) concentrations on the denitrifica-
tion process. Fig. 5 shows the gas changes in the control group (initial
Ni(II) concentration 0 mg-L™" and initial nitrate concentration 33

|~ % Ny of Control Group

—®— Nj of Experimental Group
30 4 1 N30 of Control Group
% N10 of Experimental Group

25 4

20 4

Concentration of Gaseous Nitrogen Compounds (mg/L)

2 3 4 5 6

Time (day)

o4l EV
1

Fig. 5. Gas changes in different groups during denitrification.

mg-L™") and the experimental group (initial Ni(IT) concentration
10.00 mg-L™" and initial nitrate concentration 33 mg-L™"). From day
1 to day 3, the N, concentration of the two groups increased sig-
nificantly. Meanwhile, the N, concentration of the control group
was higher than that of the experimental group. These data indi-
cate that the combined heterotrophic and autotrophic denitrifica-
tion with organic matter and Fe(II) as electron donors occurred, a
large amount of nitrate was transformed to N,, and there may be a
more efficient denitrification process in the control group. The nitrate
was removed by the following conversion pathway [44]:

NO; +2Fe** +H,0=NO; +2Fe”* +20H"

2NO; +6Fe** +4H,0=N,+6Fe’* +80H"

NO; +0.25CH,COO =NO; +0.5C0O,+0.25H,0+0. 250H
NO; +0.375CH,COO" +0.125H,0=0.5N,+0.75CO,+1.3750H"

After the third day, the N, concentrations in both groups grad-
ually decreased. In addition, a low degree of accumulation of N,O
was observed in both groups throughout the experiment. The above
results show that: (1) denitrification occurred in the system and,
NO;-N was reduced to N,O and N,; (2) Ni(II) has an inhibitory
effect on nitrate removal.

5. Adsorption Mechanisms of Fe-oxides

The surface morphology of the two sets of bacteria-Fe-oxides
(blank and Ni(II) added) was characterized using SEM, as shown
in Fig. 6. After the addition of Ni(II), the surface morphology of the
oxides changed greatly, and some nubby precipitates were observed,
presumably because Ni(II) was adsorbed onto the surface of the
Fe-oxides. The composition and structure of the Fe-oxides were fur-
ther examined by XPS analysis. According to the XPS spectrum of
Fig. 7, a peak of nickel was observed at 856.03 eV [45], which indi-
cates that Ni(II) adsorbed onto the surface of the Fe-oxides. At the

/.\

[ Bacteria- Fe-oxides ]

Ni(ll) is adsorbed on the Bacteria- Fe-oxides

Fig. 6. Potential pathway of nitrate and Ni(IT) removal of strain CC76.
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Fig. 7. XPS spectrum of different oxides.

same time, after the addition of Ni(II), the position of the oxygen
peak was shifted from 539.98 eV to 542.11 eV; indicating that Ni(II)
destroyed the Fe-O bond, further demonstrating the adsorption of
Ni(ID) [46].

July, 2019

CONCLUSIONS

This study demonstrates that Enterobacter sp. CC76 can use
organics and Fe(II) as electron donors for combined heterotrophic
and autotrophic denitrification and can simultaneously remove
Ni(II). Using RSM analysis, the maximum removal ratios of nitrate
and Ni(IT) were 95.02% and 75.99% at pH 7.37, 54.31 mg-L™" Fe(II),
and 10.00 mg-L™" Ni(IT), respectively. XPS and SEM were used to
observe bacteria-Fe-oxides. and the results demonstrated that the
removal of Ni(Il) was via Fe-oxides adsorption. The presence of
Enterobacter sp. CC76 raised the pH of the environment, which
further enhanced this adsorption.
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