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Copper is one of the most toxic heavy metals. In this work, a sampling survey of copper ions in the water of Songhua River flowing
through the chemical and living areas of Jilin City was studied. A new bioflocculant from Raoultella planticola was obtained. The
investigation of Songhua River flowing through Jilin City shows that the copper concentration is between 0.07 ppb and 0.16 ppb.
The bioflocculant supporting graphite oxide (GO) as a bioflocculant inducer used in this study has been utilized in treatment of
copper ions in water. GO and bioflocculant infrared radiation (IR) spectrum and zeta potential were studied. Flocculational
conditions of copper ion (0.2 ppm) were modeled and optimized using RSM (response surface methodology). Our data showed
that flocculation efficiency was over 80%. Significant influencing factors and variables were pH, flocculation time, bioflocculant
dosage, and GO inducer which had major impact effects on flocculation efficiency. The highest flocculation efficiency which is
86.01% was achieved at pH = 5, at 1.62 h and 13.11mg bioflocculant with 13.11mg GO as an inducer. However, temperature
(A) and GO inducer were significant impact factors on the flocculation efficiency.

1. Introduction

Copper is widely used in metallurgy, machine manufactur-
ing, electroplating, chemistry, and other industries. In agri-
culture and forestry, copper sulfate can prevent diseases
and insect pests and inhibit the proliferation of algae in
water. Copper chloride, copper sulfate, and copper nitrate
are easy to dissolve in water. The total content of copper in
a normal human body is about 100-150mg [1]. However,
excessive intake will stimulate the digestive system, causing
abdominal pain and vomiting. The oral lethal dose of
humans is about 10 g [2]. The toxicity of copper to lower
organisms and crops is relatively high. When the concentra-
tion of copper reaches 0.1-0.2mg/L [3], fish will die. When it
coexists with zinc, the toxicity will increase, and the toxicity
to shellfish water will be greater [4]. Generally, the concentra-
tion of copper in water for aquaculture is required to be
below 0.01mg/L [5]. For crops, copper is the most toxic
heavy metal, which is fixed in the root cortex after absorbing
copper ions, affecting nutrient absorption. When the copper

content in irrigation water is high, it accumulates in soil and
crops, which can make crops wither [6].

Bioflocculant is a kind of polymer compound. It must be
secreted by specific microbial groups under specific growth
conditions. The complexity of the molecular components of
bioflocculant, such as protein, polysaccharide, and glycopro-
tein, determines its good electrochemical properties. There-
fore, it is endowed with good flocculation characteristics [7,
8]. At present, it is widely explored and studied as a new floc-
culant. Many publications have reported on bioflocculants to
replace traditional industrial flocculants in drinking and
wastewater treatment process and fermentation processes
because of its high removal efficiency, low dosage, and less
secondary pollution in the environment [9, 10]. Graphene
oxide (GO) is a new material which has attracted wide atten-
tion in recent years. Because of its excellent electrochemical
properties, it has been widely used in electronic technology,
biosensors, nanotubes, semiconductors, and other fields.
Graphite oxide, as a novel material with a unique structure
and excellent properties, has attracted extensive attention
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[11, 12]. GO is a two-dimensional nanomaterial with a
honeycomb-like monolayer structure and has a large number
of its surface’s active groups, such as epoxy groups, hydroxyl,
and carboxyl. GO has an aromatic structure and can adsorb
aromatic compounds through the interaction between the
active groups and the electron cloud [13].

Therefore, due to graphite oxide’s unique structure, there
are excellent physical and chemical properties and good bio-
compatibility. Though graphene oxide has been used as a
flocculant in water treatment, the main research is still at
the laboratory level, and there are few reports on the actual
application of wastewater treatment. The bioflocculant
supporting graphite oxide as a bioflocculant inducer used
in this study has been studied in the treatment of copper
ions in surface water. Accordingly, the objectives of this
work are to (1) study a sample survey of copper ions in
the water of Songhua River flowing through the chemical
and living areas of Jilin City; (2) screen bioflocculant-
producing strains for flocculation of copper ions; (3) opti-
mize temperature, pH, bioflocculant dosage, GO inducer,
and flocculation time on the flocculation process by
response surface methodology (RSM); and (4) analyze
the end group properties of bioflocculant and the potential
changes in the process of flocculation.

2. Material and Methods

2.1. Identification of Bioflocculant-Producing Strains.
Approximately 200 isolates (N-1 to N-200) were screened
from the activated sludge of the Secondary Wastewater
Treatment Plant in Jilin, China. The 16s rDNA was amplified
by PCR in Shanghai Sangon Biotechnology Co., Ltd. Primers
(27F: AGAGTTTGATCCTGGCTCAG and 1492R: GGTT
ACCTTGTTACGACTT) were used in 16s rDNA amplifica-
tion and identification of strains. Sequence similarity was
over 97.1%. The comparison of sequencing data showed that
the species of the strain was Raoultella planticola by which
ncbi access No. is KC456530.1. The Nikon-e100 microscope
was used to observe the morphological characteristics of the
strain, and the Bergey system bacteriology manual was used
to identify the physiological and biochemical characteristics
of the strain. Raoultella planticola is a gram-negative, aerobic,
rod bacterium.

2.2. Culture Medium for Raoultella planticola Bioflocculant
Production. Raoultella planticola was cultivated using beef
extract-peptone medium containing 5 g/L of peptone,
1.5 g/L of beef extract, 1.5 g/L of yeast extract, and 5 g/L of
NaCl. Bioflocculant production culture medium was differ-
ent from PT-1 which we used in former work [14, 15]. Com-
position of the bioflocculant medium in this study was as
follows: glucose, 20 g/L; yeast extract, 0.5 g/L; urea, 0.5 g/L;
(NH4)2SO4, 0.2 g/L; KH2PO4, 7 g/L; MgSO4, 0.2 g/L; and
NaCl, 0.1 g/L. The initial pH of the medium was adjusted to
7:0 ± 0:5. After sterilization, the strain was put into the flask
containing the medium, the culture temperature was 30°C,
the vibration frequency was 150 rpm, and the best time for
bacteria to secrete flocculant was 72 hours.

2.3. Preparation of the Raoultella planticola Bioflocculant
(MBF-51). Raoultella planticola was inoculated into a
150mL flask containing 50mL PT-1 medium. The biofloccu-
lant was termed MBF-51 and was produced by shaking the
flask at 30°C at 150 rpm for 72 h. Cell-free supernatants
were obtained by centrifugation at 7000 rpm for 30min.
Bioflocculant purification methods were conducted accord-
ing to previous methods. Briefly, two volumes of cold eth-
anol (at 4°C) were added to 1 L culture broth. Following
centrifugation at 8000 rpm for 30min, the precipitate was
washed with ethanol, dissolved in 5mL of deionized water,
and vacuum-dried resulting in approximately 12:50 ± 0:5 g
of MBF-51 per 1 L of culture broth.

2.4. Preparation of Nanoscale Graphene Oxide. Graphene
oxide was prepared by the modified Hummers method
[16]. The preparation steps were as follows: 2.0 g graphite
powder was added into 50mL concentrated H2SO4 solution
with 2.0 g NaNO3 dissolved. After stirring for 15 minutes,
6.0 g KMnO4 was added slowly (keeping system temperature
below 15°C), reaction at 35°C for 1 h, heating up to 90°C for
15min, distilled water at 200mL was added. Graphite pow-
der was heated with boiling reaction for 15min. As the
graphite dropped to room temperature, it is added with
12mLH2O2 for 8 hours. Then, the mixture is filtered and col-
lected after centrifugation. SO4 ion was removed by washing
with distilled water. The powder was vacuum-dried until
constant weight. Then, GO powder was obtained. 0.2 g GO
powder is dispersed in 400mL distilled water to make the
concentration to 0.5mg/mL.

2.5. Batch Experiment of Microbial Flocculation of Copper. By
adding distilled water, the microbial flocculant MBF-51 was
diluted to 60mg/L for copper flocculation. The impacts of
flocculation conditions (temperature (°C), pH value, floccu-
lation time (hour), dosage of bioflocculant (mg/L), and dos-
age of GO inducer (mg/L)) on flocculation effect were
analyzed. The pH was adjusted from 0.1M HCl and 0.1M
NaOH to about 3.0-1.0. Similarly, the effect of temperature
is cultivated at the desired temperature.

After the setting of fixed variable factors, the mixture
containing MBF-51 solution, GO inducer, and copper ion
(CuCl2) was shaken in the track vibrating screen (mode-
hzq-x100, HDL Equipment Co., Ltd., China) and stirred at
a constant speed of 250 rpm. The initial copper concentration
was selected as 0.2 ppm (area No. 4). The optical density of
supernatant was measured at the middle height of clarified
liquid. The culture medium without flocculant and GO was
used as the control. Flocculation efficiency of copper was cal-
culated by

Flocculation Efficiency %ð Þ = A – B
A

× 100, ð1Þ

whereA is the value of the atomic absorption spectrum deter-
mined by the sample and B is the value of the reference sam-
ple determined by atomic absorption spectrometry.

2.6. The Establishment of Mathematical Model for the
Influence of Different Factors. The Design-Expert software
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(8.3 edition) adopts the experimental statistical design and
data analysis, and the experimental design is referred to our
previous research papers [17]. The narrow temperature, pH
value, flocculation time, the dosage of bioflocculant, and the
range of GO inducer were determined before central com-
posite design (CCD) and response surface method (RSM)
were used for modeling. The narrower ranges of temperature,
pH, flocculation time, bioflocculant dosage, and GO inducer
were chosen as 5–35°C, 4–10, 0-3 hours, 2.5-17.5mg/L, and
1.5–10.5mg/L, respectively. Five independent factors at dif-
ferent levels (-2, -1, 0, +1, and +2) were studied. The experi-
mental design is shown in Table 1.

The relationship between the response variable (y) of
flocculation efficiency and each factor variable is fitted by
the second-order model, and the following quadratic polyno-
mial equation (2) is finally obtained for calculation:

Flocculation Efficiency = +80:09 + 2:79 ∗ A − 10:14 ∗ B

+ 5:65 ∗ C + 21:39 ∗D + 4:76 ∗ E

+ 1:55 ∗ A ∗ B − 0:84 ∗ A ∗ C

+ 2:93 ∗ A ∗D − 6:35 ∗ A ∗ E

+ 0:13 ∗ B ∗ C + 1:10 ∗ B ∗D

+ 1:95 ∗ B ∗ E + 1:06 ∗ C ∗D

− 1:15 ∗ C ∗ E + 1:63 ∗D ∗ E

– 1:07 ∗ A2 – 4:31 ∗ B2

− 16:17 ∗ C2 − 15:88 ∗D2

+ 1:64 ∗ E2:

ð2Þ

All analyses are in triplicate. The data in the response sur-
face was fitted with the average of three groups of repeated
data, and variance analysis was carried out.

2.7. Analytical Methods. Zeta potential measurement was
conducted by a zeta potential analyzer (Malvern Nano ZS,
Malvern, England). A Fourier-transform infrared spectrome-
ter (Nicolet 6700, ThermoFisher, USA) was used for space
atmospheric component detection. A scanning electron
microscope (XL30-ESEM, FEI, USA) was used for studies.
An atomic absorption spectrometer (180-Series, HITACHI,
Japan) was used to determine the total copper concentration
in water. The positions and longitude and latitude of the
required logging stations are shown in Table 2.

3. Results and Discussion

3.1. Investigation on Copper Content in Water in Songhua
River Section Flowing through Jilin City. Jilin City is located
in the east of the central part of Jilin Province, the northeast
hinterland of Changbai Mountains, the junction of Songnen
Plain and Changbai Mountains. It is the secondary economic
and cultural center of northeast Jilin Province as is shown in
Figure 1(a). Its geographical coordinates are between 42
degrees north latitude 31′ to 44 degrees 40′ and 125 degrees
40′ to 127 degrees east longitude 56′. The north and south
are about 91 kilometers long and 44 kilometers wide. The
total area under the jurisdiction of Jilin City is 27700 square
kilometers, of which the urban area is 3774.35 square kilome-
ters; by the end of 2016, the urban area of Jilin City is 498.75
square kilometers, and the built-up area is 189.04 square kilo-
meters. The positions and longitude and latitude of the
required logging stations are shown in Table 2. The investiga-
tion in Figure 1(a) shows that the copper concentration in
this area is the lowest 0.066 ppb (area No. 10) and the highest
is 0.159 ppb (area No. 4). From data in Figure 1(b), it can be
seen that the copper content index of the three water samples
did not exceed the Class III standard of the Surface Water
Quality Standard [18].

3.2. Zeta Potential and Fourier-Transform Infrared
Spectrometer Analysis of GO and Bioflocculant. GO and bio-
flocculant infrared radiation (IR) spectrum was investigated.
The IR spectrum of GO exhibited a carboxyl band at 1620,
1582, and 1384 cm-1 as presented in Figure 2(a). The absorp-
tion peaks at 1620 cm-1 and 1582 cm-1 are caused by C=O
carbonyl expansion and C=C expansion in the GO skeleton,
respectively. The absorption peaks at 1384-1 and 587 cm-1 are
related to the deformation vibration of C-O-H and the bend-
ing vibration of -O, respectively [19], as shown in Figure 2(a).
The adsorption peak at 587 cm-1 indicated the C-O-H
stretching vibration [20] as shown in Figures 2(a) and 2(b).
Further FTIR characterization of bioflocculant is shown in
Figure 1(b). It is found that the peaks of GO and biofloccu-
lant at 2920 cm-1 and 2850 cm-1 correspond to the character-
istic absorption peaks of -OH and -C-H, respectively [21].
The enhancement of absorption peaks at 3420 cm-1 and
1620 cm-1 is attributed to the O-H and N-H vibrations in
C-OH and N-OH groups which form hydrogen bonds.
Oxygen-containing groups above, especially the strong polar
groups such as -OH, are abundant on the surface of the mate-
rials, which makes the materials in water-soluble solvents.
The dispersion is good, and the polarity is enhanced, and

Table 1: Independent variables and their levels in the experimental design.

Independent factors Symbols
Code levels

-2 -1 0 +1 +2

Temperature (°C) A 5 10 20 30 35

pH B 4 5 7 9 10

Flocculation time (hour) C 0 0.5 1.5 2.5 3

Bioflocculant dosage (mg/L) D 2.5 5 10 15 17.5

GO inducer (mg/L) E 1.5 3 6 9 10.5
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the adsorption of copper by adsorbents is promoted. Zeta
potential measurement of bioflocculant with GO inducer
solution (Figure 1(c)), indicated that the solution before floc-

culation of copper was negatively charged in both alkaline
solution and acidic solution; however, zeta potential of the
solution after flocculation with copper (Figure 1(d)) was

Table 2: Existing monitoring wells (residential wells, drilling wells, farmland irrigation wells, and centralized water supply wells).

No. Name of water source area Longitude (east longitude) Latitude (north latitude) Remarks

1 Longtan District 126°29′29″ 43°55′59″ Surface water

2 Songhua River 126°30′33″ 43°55′56″ Surface water

3 Songhua River 126°31′52″ 43°55′36″ Surface water

4 Songhua River 126°32′22″ 43°54′51″ Surface water

5 Songhua River 126°32′39″ 43°54′05″ Surface water

6 Songhua River 126°33′45″ 43°53′36″ Surface water

7 Songhua River 126°34′39″ 43°53′37″ Surface water

8 Songhua River 126°35′23″ 43°53′32″ Surface water

9 Sewage outfall of Changyi District, Songhua River 126°36′00″ 43°53′09″ Surface water

10 Sewage outfall of Longtan District, Songhua River 126°36′12″ 43°52′42″ Surface water

11 Water supply well in Changyi Township 126°36′07″ 43°52′17″ Village-owned wells

12 Residents in Tiedong Township 126°35′60″ 43°51′45″ Village-owned wells

13 Songhua River 126°36′04″ 43°51′19″ Surface water

14 Songhua River 126°36′08″ 43°50′27″ Surface water

15 Songhua River 126°35′32″ 43°49′56″ Surface water

Jilin Province

Jilin City
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Figure 1: Copper content in surface water of Songhua River in Jilin City of Jilin Province: (a) sketch map of sampling area; (b) concentration
of copper in surface water at 16 sampling sites.
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electrically neutral (2 < pH < 6) and was increased by
Cu(OH)2 in alkaline (10 < pH < 6).

3.3. RSM Optimization of Copper Flocculation Process

3.3.1. Analysis of the Effect of Single Factor on Flocculation
Efficiency. The experimental tasks and the collected response
data are shown in Table 1. As shown in Table 3, the linear
terms of pH (B), flocculation time (C), dosage of biofloccu-
lant (D), and GO inducer (E) have a significant impact on
flocculation efficiency (F value < 0.05), while temperature
(A) has no significant impact on flocculation efficiency.
Figure 3(a) shows the highest flocculation efficiency achieved
at pH = 5. With the increase of pH value from 4 to 5, the floc-
culation efficiency increased from 85.65% to 86.01%, and
with the increase of pH value to 9, the flocculation efficiency
decreased to 65.66%. If the pH value is changed, the floccula-
tion will be completely different; for example, copper ion will
precipitate in alkaline condition. Figure 3(b) shows that the
flocculation efficiency reaches the maximum at 1.62 h and
increases from 51.21% to 80.55% as the flocculation time
increases from 0.05 to 1.62 h and decreases to 60.16% as the
flocculation time increases to 3 h. Figure 3(c) shows that the
flocculation efficiency reaches the maximum at 13.11mg.
With the increase of bioflocculant dosage from 2.5mg to
13.11mg, the flocculation efficiency increased from 12.77%
to 87.26%. With the increase of bioflocculant dosage to

17.5, the flocculation efficiency decreased to 76.60%.
Figure 3(d) shows the highest flocculation efficiency achieved
at 10.5mg. With the increase of the GO inducer from 1.5 to
10.5, the flocculation efficiency increased from 76.59% to
90.88%. Table 3 and Figure 4 show that temperature has no
significant effect on flocculation, the flocculation efficiency
only increases by 8.39%, and the temperature rises from
5°C to 35°C.

3.3.2. Analysis of the Effect of Two Factors on Flocculation
Efficiency. Table 3 shows that temperature (A) and GO
inducer (E) are important factors affecting flocculation effi-
ciency. RSM provides a response surface and contour map
to study the interaction between parameters and flocculation
efficiency in Figure 5 by changing the other two variables in
the experimental range and keeping the values of other vari-
ables at a medium level. As shown in Figure 3, under the fixed
pH value, flocculation time, and bioflocculant dosage, the
flocculation efficiency increases from 48.91% to 84.46% as
the dosage increases from 5mg/L to 15mg/L; when the dos-
age of MBF-51 is 10mg/L, the flocculation efficiency
increases from 67.48% to 75.15%, and the time increases
from 0.5 hours to 2.5 hours.

The large surface of GO is rich in oxygen-containing
functional groups, such as hydroxyl and carboxyl, which
makes it extremely hydrophilic in the water environment
(Figure 4(a)), but at the same time, as a lamellar organic
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Figure 2: Zeta potential of bioflocculant with GO inducer solution before and after flocculation and Fourier-transform infrared spectrometer
analysis of GO and bioflocculant: (a) infrared radiation of GO; (b) infrared radiation of bioflocculant; (c) zeta potential of bioflocculant with
GO inducer solution; (d) zeta potential of solution after flocculation.
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matter, its ionic properties are also very good, which is the
main reason why we use it as coagulant aids. In the research
and experiment, such characteristics play a key role in the
removal of copper ions [22]. In the process of flocculation,
net catching is the main factor of flocculation mechanism,
as shown in Figure 4(b), but at the same time, our experiment
shows that due to the function of the GO coagulant aid, elec-
tric neutralization and compression double electric layers
also play a key role in flocculation. Although we only have
data results of zeta potential, it is obvious that such a conclu-
sion is [23]. The induction efficiency of a low dose of 12mg/L
was over 80%. As a long-chain biopolymer, MBF-51 bridges
between GO particles and copper, as shown in Figure 4(b).
When MBF-51 is insufficient, a bridging phenomenon will
not form effectively. At the same time, even if GO plays the
role of compressing the double electric layer to make copper
ions adhere to its surface for a short time, because there is not
enough bioflocculant, such removal effect cannot be played
for a long time, so the dosage of bioflocculant is the guarantee
of the removal rate. These oxygen functional groups make
GO have good dispersibility in water. As shown in Figure 2,
the zeta potential measurement of MBF-51 shows that
MBF-51 is mainly negatively charged under alkaline and
acidic conditions. It is reported that GO has different electric
states at different pH values. It is a positive charge under
acidic conditions (pH value lower than 4) and a negative
charge under neutral and alkaline conditions (pH value
higher than 4). This result just proves that the copper ion,
as a cation, can fully connect with GO and bioflocculant to
attach and adsorb and finally be removed ([24, 25]).

3.3.3. ANOVA Analysis of Quadratic Model. As shown in
Table 4, the experimental data of flocculation efficiency were
analyzed by ANOVA. All factors are consistent with the qua-
dratic equation model fitted in the above material method,
and our quadratic equation model has significant statistical
significance and value, because the results show that our
equation p value is far less than 0.05. The results show that
temperature (A) has little effect on flocculation. Its p value
is greater than 0.05 (data not shown in Table 3 and Table 4).
At the same time, the variance analysis of the response sur-
face quadratic model also proves that temperature is not a
key factor in the flocculation process [26]. The p value less
than 0.05 indicates that the model term is important, and
the insignificant terms (p value > 0.05) are removed from
the final expression of the model [27]. We assume that the
most ideal flocculation efficiency is 100%, and the logit equa-
tion is used to fit, and the determined upper limit of the

Table 3: Experimental design and results using central composite
design.

Run
Variables aFE(%)dT pH bFT cFD eGI

1 20 7 1.5 10 6 81.76

2 30 5 0.5 15 9 76.65

3 10 5 2.5 15 9 75.65

4 20 7 1.5 10 6 81.94

5 20 7 1.5 10 1.51 81.30

6 10 5 2.5 5 9 66.41

7 10 9 2.5 15 9 71.87

8 10 9 0.5 5 9 11.98

9 20 7 1.5 2.52 6 0.75

10 10 5 0.5 15 9 69.82

11 30 9 2.5 5 9 14.10

12 20 7 0 10 6 0.15

13 20 7 1.5 10 6 82.86

14 20 7 1.5 17.48 6 82.77

15 10 5 2.5 15 3 73.80

16 10 9 2.5 5 9 12.47

17 20 7 1.5 10 6 82.17

18 30 9 0.5 15 9 66.76

19 30 9 0.5 5 9 11.75

20 30 5 0.5 5 9 28.80

21 10 5 0.5 5 9 56.45

22 30 5 2.5 5 3 46.12

23 10 5 2.5 5 3 19.39

24 30 9 2.5 5 3 12.64

25 30 9 2.5 15 9 73.16

26 30 5 2.5 15 3 84.07

27 20 7 3 10 6 82.06

28 30 5 2.5 5 9 21.78

29 20 9.99 1.5 10 6 60.78

30 30 5 2.5 15 9 77.39

31 20 7 1.5 10 6 82.06

32 10 9 0.5 15 9 67.29

33 10 9 2.5 5 3 12.55

34 30 5 0.5 5 3 42.53

35 20 7 1.5 10 6 81.76

36 10 5 0.5 15 3 67.91

37 10 5 0.5 5 3 7.78

38 30 9 0.5 5 3 11.93

39 10 9 0.5 5 3 9.50

40 30 9 2.5 15 3 62.35

41 20 4.01 1.5 10 6 74.48

42 10 9 0.5 15 3 19.10

43 20 7 1.5 10 10.49 80.57

44 30 5 0.5 15 3 75.08

45 10 9 2.5 15 3 32.85

46 20 7 1.5 10 6 81.61

47 20 7 1.5 10 6 82.09

Table 3: Continued.

Run
Variables aFE(%)dT pH bFT cFD eGI

48 34.95 7 1.5 10 6 82.06

49 5.05 7 1.5 10 6 67.67

50 30 9 0.5 15 3 49.85
aFlocculation efficiency. bFlocculation time. cFlocculant dosage.
dTemperature. eGO inducer.
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dependent variable of flocculation rateyis 100. According to
the factor change of the flocculation process and the experi-
ment of five factors without levels, the quadratic equation
(2) is finally obtained. As shown in Table 4, the p value of
the equation is less than 0.0001 (far less than 0.05). Using
the SNR parameter to evaluate the equation, it is found that
the SNR is less than 4, which also has statistical value [28].
The missing of fitting value is not significant compared with
the pure error. The correlation coefficient (R2) obtained in
this study is 0.87, close to R2 adj (0.78), indicating that the
predicted value of the experiment is in good agreement with
the observed value [29].

4. Conclusions

The results showed that Raoultella planticola produced floc-
culant which had never been reported before. The biofloccu-
lant supporting graphite oxide as a bioflocculant inducer
used in this study has been studied in the treatment of copper
ions in surface water. Raoultella planticola was inoculated in
PT-1 medium and resulted in approximately 12:50 ± 0:5 g of
MBF-51 per 1 L of culture broth. The investigation of copper
ions in the water of Songhua River flowing through the
chemical and living areas of Jilin City shows that the copper
concentration in this area is between 0.066 ppb and
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Figure 3: Effect of four linear variable factors on flocculation efficiency, including pH, time, bioflocculant dosage, and GO inducer.
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Figure 4: Scanning electron microscopy: (a) bioflocculant MBF-51; (b) copper flocculated by MBF-51 with GO inducer.
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0.159 ppb. Our sampling time is in the dry season, during
which the pollutant concentration is the highest. We did
not test it at other times. The copper content index of the
three water samples did not exceed the Class III standard of
the Surface Water Quality Standard. GO and bioflocculant
infrared radiation (IR) spectrum were investigated. It is
found that the peaks of GO and bioflocculant at 2920 cm-1

and 2850 cm-1 correspond to the characteristic absorption
peaks of -OH and -C-H, respectively. The enhancement of
absorption peaks at 3420 cm-1 and 1620 cm-1 is attributed
to the O-H and N-H vibrations in C-OH and N-OH groups
which form hydrogen bonds. Oxygen-containing groups
above, especially the strong polar groups such as -OH, are
abundant on the surface of the materials, which promoted
the adsorption of copper. Zeta potential measurement of bio-
flocculant with GO inducer solution indicated that the solu-
tion before flocculation of copper was negatively charged in
both alkaline solution and acidic solution. Flocculation con-
ditions of copper ion (0.2 ppm) were optimized using
response surface methodology. The results showed that the
highest flocculation efficiency over 80% occurred under opti-
mistic conditions. We determined the influencing factors and
the corresponding value range through the preexperiment.

At the same time, in the preexperiment, we also found that
the bioflocculant aid GO also has a certain adsorption effect
on copper ions. We use the adsorption here because we
found the phenomenon of saturation and desorption in the
experiment. The linear terms for pH (B), flocculation time
(C), bioflocculant dosage (D), and GO inducer (E) had signif-
icant effects on flocculation efficiency (F value < 0.05), but
temperature (A) had no significant effects on the flocculation
efficiency. The highest flocculation efficiency which is 86.01%
was achieved at pH = 5, at 1.62 h and 13.11mg bioflocculant
with 13.11mg GO as an inducer. The influence of tempera-
ture on flocculation was not significant, and the flocculation
efficiency just increased by 8.39%, with temperature rising
from 5 to 35°C; however, the temperature (A) and GO
inducer (E) were significant impact factors on the floccula-
tion efficiency. As for the mechanism of flocculation, our
SEM results do not fully explain the mechanism. However,
we speculate that the flocculation removal of copper ions is
mainly due to the adsorption and compression of double
electric layers. This research has some special significance
and value compared with the previous research in our labora-
tory, although it seems that the research methods and article
structure are similar [14]. First of all, this article found a new

Table 4: ANOVA analysis for quadratic model.

Source Sum of squares DF Mean square F value p value

Model 36978.58 20 1848.93 9.84 <0.0001
B: pH 3752.76 1 3752.76 19.97 0.0001

C: time 1162.27 1 1162.27 6.18 0.0189

D: bioflocculant 16684.25 1 16684.25 88.78 <0.0001
E: GO inducer 827.94 1 827.94 4.41 0.0446

AE 1291.13 1 1291.13 6.87 0.0138

Residual 5450.09 29 187.93

Lack of fit 5449.06 22 247.68 1682.20 <0.0001
Pure error 1.03 7 0.15

R-squared 0.87

Adj R-squared 0.78

Adeq precision 11.12
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Figure 5: Surface responses and contour plots showing two factors affecting flocculation efficiency simultaneously.
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strain. According to our research results, the flocculant pro-
duction of this strain is very competitive, and the floccu-
lant secretion ability of this strain is much higher than
that of the strain mentioned in the previous article [14,
17]. Second, another difference is that graphene oxide is
no longer regarded as a pollutant in this work but devel-
oped by us as a coagulant aid. This is also because of
the use of graphene oxide itself, which has produced new
and different flocculation mechanisms and effects. I think
this is the greatest value of this article. At the same time,
the nanosized GO plays a key role in this process, which
may include both adsorption and ion balance change.
But we still lack further research and data.
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