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ABSTRACT

Despite graphene oxide (GO)’s excellent physical and chemical properties, recent researches suggest
its toxicity in biological applications. In this study, three dyes, methylene blue (MB), rhodamine-B
(RhB) and methyl orange (MO), are used as coagulants to remove GO from aqueous solution.
Results show that MB has the best performance with maximum coagulation capacity up to 2.27 g/g,
higher than that of most other coagulants. Electrostatic interaction plays a key role in coagulation,
also aided by m-m stacking interaction. Besides its great coagulation capacity, MB itself is a pollut-
ant abundant in many types of wastewater, providing a readily accessible reagent, which makes it

more suitable for the application.
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1. Introduction

Graphene gains rapid popularity in recent years [1,2].
As opposed to ideal graphene, soluble graphene oxide (GO),
is more commonly adopted due to its accessibility [3-8].
So far, GO demonstrates great advantages in many fields
as energy [3,4], environment governing [5,6] and biomed-
ical applications [7,8]. Meanwhile, some researchers point
out that GO, like other graphene related materials, may be
toxicity and many experiments have shown that GO has
toxic side effects in biological applications [9,10]. An influx
of soluble GO into the aquatic ecosystem will be inevita-
ble once large scale application of GO becomes a reality.
This demands an efficient way to treat waste GO solution.

Up to now, several methods such as photo-induced
degradation [11,12] and coagulation [13-19] have been
used to remove GO. Yuan et al. [11] reported that GO can
be completely degraded within 12 h at pH = 5 under 500 W
high-pressure Mercury lamp with maximum wavelength at
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365 nm. The degradation time is up to 3 d when using the
photo-Fenton method [12]. Thus these two methods suffer
the obvious shortcoming of extended reaction time.
Contrarily, the coagulation process is faster than many
other separation techniques such as evaporation, membrane
separation and photo-induced degradation. Since coag-
ulation is easy to operate and consumes no extra energy,
it is more suitable for the application. Aluminum-based
materials are the commonly used coagulants [13-16,18].
Wang et al. [14] reported Mg/Al and Ca/Al layered dou-
ble hydroxides (LDHs) exhibited maximum GO removal
capacities of 79.9 and 123 mg/g. The removal capacities will
increase significantly after the LDHs are calcined. Yuan et
al. [18] found that MgAl-mixed metal oxide (MgAl-MMO)
synthesized by one-step calcination of MgAl-LDH showed
a much better removal capacity of 984.2 mg/g. The mech-
anism of GO removal using MgAI-MMO composite was
the memory effect. Alum is also a good coagulant whose
removal capacity is 960 mg/g [17]. Alum is different from
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the coagulants mentioned above as it is soluble, which
means that soluble materials can also be used as coagulants.
The study of coagulants other than aluminum-based mate-
rials is few. Recently, Yuan et al. [19] found that cement can
act as a coagulant, which owns the highest removal capac-
ity of 5,981.2 mg/g up to now. As far as we know, it is the
only coagulant whose removal capacity exceeds 1,000 mg/g.
Yuan et al. [19] believed that one of the mechanisms of
GO removal by cement was Ca?-induced coagulation.

The coagulants mentioned above share a common draw-
back: they introduce ions into the water which requires
further treatment. This drawback naturally disappeared
if we choose dyes as coagulants. This is possible because
they can be adsorbed onto GO in aqueous solution due to
electrostatic interaction and m-m stacking interaction [6,20-
25]. Meanwhile, dyes degrade much more easily. The time
required is less than 80 min as opposed to 3 d for that of
GO by Fenton reaction [12,22]. In addition, dyes are pres-
ent in many types of wastewater, which serves as a reagent
free of charge. Thus dyes seem to be promising candidates
for our purpose. In this study, three dyes, methylene blue
(MB), rhodamine-B (RhB) and methyl orange (MO), are
investigated. The initial concentrations of GO and dyes are
varied to find the best ratio of dye to GO. The coagulation
mechanism has also been discussed, with the electrostatic
interaction being the major contributor of coagulation.

2. Experimental section
2.1. Materials

The GO sheet (ID XF002-1) was purchased from Jiangsu
XFNANO Materials Tech. Co., Ltd. (Nanjing, China) and
the other chemicals including activated charcoal powder
(ACP), MB (indicator grade), MO (indicator grade) and
RhB were obtained from Sinopharm Chemical Reagent
Co., Ltd. (China). MB and MO were of indicator grades and
the other chemicals were of analytical grade. All the chem-
icals were used as received without further purification.
Deionized (DI) water was used in all the experiments.

2.2. Preparation of GO suspension

The pristine GO suspension was prepared by an ultra-
sonic method. x mg GO sheet was added to a beaker con-
taining 80 mL DI water and then the mixture was ultrason-
ically treated. To prevent GO from degradation by heating,
the ultrasonic treatment was shut down every 30 min and
restarted 30 min later. After being treated for 12 h, the sus-
pension was diluted to 100 mL. The concentration of GO
suspension can be expressed as C, = 10*x mg/L. The cen-
trifuged GO suspension was prepared by centrifuging the
pristine GO suspension three times at 6,000 rpm for 5 min.

2.3. Coagulation experiments

All the ultraviolet-visible (UV-Vis) absorption spectra
were obtained using a double beam UV/VIS spectropho-
tometer (Rayleigh UV-2601, China). When the concen-
tration of the suspension is too high, the suspension was
diluted n (n =2, 4, 5 or 8) times before measured by UV-Vis

spectrophotometer. The measured spectrum was multiplied
by n and the obtained spectrum was regarded as the absorp-
tion spectrum of the suspension. The concentration of GO
was determined by the UV-Vis absorption spectra at the
wavelength of 228 nm. The initial concentration was calcu-
lated by dividing mass by total volume of GO suspension
and dye solution (10 mL) if there was no special explanation.

In the preliminary coagulation experiments, 5 mL pris-
tine GO suspension was added to 5 mL MB solution with
different concentrations. After the mixture was stirred
for an hour and rested for another hour, the supernatant
suspension was monitored by UV-Vis spectrometer. In
the modified coagulation experiments, 5 mL of the cen-
trifuged GO suspension was added to 5 mL dye solution
with different concentrations. After the mixture was stirred
for an hour and rested for another hour, adequate ACP
(40 times the mass of initial MB) was added to the mix-
ture. The suspension is stirred for an hour and rested for
another hour. Finally, the supernatant suspension was cen-
trifuged at 6,000 rpm for 5 min to remove the precipitate
and the suspension was monitored by UV-Vis spectrometer.

As the equilibrium concentration (C,) was recorded
after centrifugation, the measured concentration would be
a little lower than the actual value. To eliminate the influ-
ence of centrifugation, a reference GO suspension with
the same initial concentration as the suspension for coag-
ulation experiments were centrifuged at 6,000 rpm for
5 min and the concentration of the supernatant suspen-
sion was used as the initial concentration (C,). The coag-
ulation capacity (g,) and the removal percentage (R) for
GO were calculated using the following equations:

L M

R= COC_ €. 100% )

0

where C,  was the initial concentration of dye.

3. Results and discussion

The concentration of GO suspension was linearly
related to its absorbance at the maximum absorption wave-
length [11,13-19]. However, the peak positions as well as
the absorption coefficient (a) were different in different
works [11,13-19]. This was mainly caused by variance of
sizes and oxidation degrees of GO. So we studied the cor-
relation between the concentration of GO suspension and
absorbance before coagulation experiments. As presented
in Fig. Sla, the absorption peaks of GO suspension all
appeared at the wavelength of 228 nm. The concentration
of GO suspension is linearly related to the absorbance at
228 nm provided GO concentration is no more than 50 mg/L
(Fig. S1b), with an absorption coefficient of 37.08 L/(g cm).

Fig. 1 shows the absorption spectra and the photographs
of the GO suspension after coagulation in the preliminary
coagulation experiments. The initial GO concentration
was maintained at 50 mg/L and the initial MB concentra-
tion was varied at 2, 10 and 50 mg/L, respectively. When the



X.B. Zhu et al. / Desalination and Water Treatment 217 (2021) 339-349 341

initial MB concentration was low (2 or 10 mg/L), coagulations
could not be observed in the photographs (Figs. 1b and c).
The absorbance at 228 nm increased with the addition of
low concentration MB, giving no evidence of coagulation.
When the initial MB concentration increased to 50 mg/L,
precipitate occurred (Fig. 1d). Meanwhile, the absorbance
at 228 nm decreased and the ratio of absorbance at differ-
ent wavelengths matched that of the absorption spectrum of
5 mg/L MB solution (Fig. S2a), which indicated removal of
most GO by coagulation. The absorbance at the maximum
absorption wavelength of MB (664 nm) of the coagulated
suspension was 5.615 and the concentration was calcu-
lated to be 24.8 mg/L. This means approximately half of the
MB participated in the coagulation.

The accurate amount of residual GO was difficult to
work out due to the effect of MB on absorption, hence was
the coagulation capacity. An adsorbent for MB, which did
not interact with GO was needed to eliminate the influence
of the dissolved MB. Several adsorbents were tested and
the ACP turned out to be the optimum selection. Different
amounts of ACP (50-400 mg/L) were added to MB aqueous
solution (5 mg/L), and ACP was separated by centrifugation

(6,000 rpm; 5 min) after adequate adsorption. Fig. S3 shows
the UV-Vis spectra of MB aqueous solutions after adsorp-
tion. When the amount of adsorbent was higher than
200 mg/L (40 times the mass of MB), the absorption peak
at 664 nm disappeared completely confirming the absence
of MB. Fig. 54 shows the effect of centrifugal times on GO
concentration. After initial centrifugation, 1.51% GO was
removed. The subsequent centrifugations had little effect
on the GO concentration, removing a mere 0.32% of GO
after three centrifugations. The centrifuged GO suspen-
sion, which had been prepared by centrifuging the pris-
tine GO suspension three times at 6,000 rpm for 5 min was
used in the subsequent experiments to reduce the influence
of centrifugation on GO concentration. The interaction
of the centrifuged GO and ACP was also investigated,
and the absorbance as well as the removal percentage of
GO suspension after adsorption in the presence of ACP
is shown in Fig. S5. Despite the amount of ACP was as
high as 160 mg (320 times of that of GO), only 1.2% GO
was removed. These results put ACP an ideal absorbent to
remove extra MB and to reveal the presence of residual GO
after coagulation.

Absorbance

T
400

T T
500 600

Wavelength (nm)

Fig. 1. (a) Absorption spectra and (b—d) digital photographs of the GO suspension after coagulation in the preliminary coagulation

experiments.
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The modified coagulation experiments were carried
out by replacing the pristine GO suspension with the cen-
trifuged GO suspension, and adequate ACP (40 times
the mass of initial MB) was used subsequently to remove
dissolved MB. Figs. 2a—d show the digital photographs
before ACP was added. When the initial MB concentration
was low (6.25 or 12.5 mg/L), coagulation was not obvious
(Figs. 2b and c). Coagulation became apparent when the
concentration reached 25 mg/L (Fig. 2d) and substantial
MB was removed in this process (Fig. 2a). This is consis-
tent with the results of our preliminary experiments. After
ACP was added and the suspension was centrifuged, the
final suspension became clear when the initial MB con-
centration was higher than 25 mg/L (Figs. 2e and f). The
color of the final suspension was yellow-green, which
was different from the reference GO suspension when the
initial MB concentration was lower than 12.5 mg/L.

The UV-Vis absorption spectra of the final suspension
are shown in Fig. 3a. When the initial MB concentration
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was 6.25 mg/L, the absorbance at 228 nm was almost the
same as the reference sample. The absorbance at 295, 633
and 675 nm of the tested sample was higher than that of
the reference sample, and small shoulder peaks could be
seen at these wavelengths. This was consistent with the
optical pictures in Fig. 2f. The position of shoulder peaks
was close to that of MB absorption peaks at 292, 616 and
664 nm (Fig. S2a) [20]. So it could be speculated that the
shoulder peaks were formed due to the absorbance of MB.
Our earlier experiment had shown that the dissolved MB
could be completely removed when the added ACP was
more than 40 times the mass of MB. We could infer that
the residual MB in the modified coagulation experiment
was not dispersed in water but adsorbed by GO to form a
composite [25]. The interaction between MB and GO in the
composite was stronger than that between MB and ACP.
The adsorbed MB concentration could be calculated to be
0.425 mg/L, which was about 6.8% of the initial concentra-
tion by the difference of absorbance at 228 nm. When the
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Fig. 2. Digital photographs in the modified coagulation experiments (a—d) before and (e) after ACP was added.
(f) Digital photographs taken after the suspension was centrifuged. The labeled number represents the initial MB concentration.
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initial MB concentration was 12.5 mg/L, the absorbance at
228 nm decreased slightly (Fig. 3M), indicating that a small
amount of GO had been removed. The shoulder peaks also
appeared, and the intensities of these peaks did not change
much. When the initial MB concentration reached 25 mg/L,
the absorbance at 228 nm decreased rapidly. The removal
rate increased from 4.6% to 93.7% (Fig. 3c). When the ini-
tial MB concentration was higher than 50 mg/L, most of
the GO was removed. The GO coagulation capacities were
displayed in Fig. 3d. With the increase of initial MB con-
centration, the coagulation ability first increased and then
decreased. The coagulation capacity reached the maximum
value of 1.89 g/g at an initial MB concentration of 25 mg/L.
The initial GO concentration may also affect coagu-
lation. So coagulation experiments with different initial
GO concentration (25, 100, 200 and 400 mg/L) was carried
out, and the absorption spectra were shown in Fig. S6. The
absorption spectra in each group had the same features.
First, the absorbance at 228 nm decreased with the increase
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of MB concentration. Second, the shoulder peak due to the
adsorbed MB appeared at low MB concentration. These
two features were the same as those of experiments with
an initial concentration of 50 mg/L. Fig. 3e shows the removal
rate after the coagulation experiments with different initial
GO concentration. When the initial GO concentrations were
25, 50 and 100 mg/L, the scatter plots almost coincided with
each other. The removal rate changed suddenly as the initial
concentration ratio of MB and GO (C,,/C_,) increased from
1/4 to 1/2, and most GO (more than 90%) will be removed
when the initial MB concentration reached 25 mg/L.
When the initial GO concentration increased to more than
200 mg/L, the removal rate at a small initial concentration
ratio (1/8 and 1/4) became larger, while the removal rate at
a large initial concentration ratio (larger than 1/2) became
smaller. The coagulation capacity all reached the maximum
value at an initial concentration ratio of 1/2 for different ini-
tial GO concentration (25 to 400 mg/L), and the maximum
coagulation capacities were 1.89, 1.89, 1.87, 1.59 and 0.74 g/g
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Fig. 3. (a) Absorption spectra, (b) absorbance at 228 nm, (c) removal rates and (d) coagulation capacities after the modified coagula-
tion experiments when the initial GO concentration was 50 mg/L. (e) Removal rates and (f) coagulation capacities after the modified
coagulation experiments with different initial GO concentration (25-400 mg/L). The initial concentration ratio of MB and GO ranged

from 1/8 to 8.
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(Fig. 3f). MB poses a better coagulation capacity with GO
when the initial GO concentration is no more than 100 mg/L.
The sudden change in removal rate as C /C_,
increased from 1/4 to 1/2 was noteworthy. This demands a
more detailed experimental study within this range. Since
the coagulation behavior was similar at different initial
GO concentrations, we only studied the case in which the
initial GO concentration was 50 mg/L. Fig. 4a shows the
absorption spectra with initial MB concentration increas-
ing from 12.5 to 25 mg/L. The absorption peak of GO and
MB decreased as initial MB concentration increased. The
adsorption capacities of MB on the uncoagulated GO esti-
mated by absorbance at 228 and 664 nm were less than
30 mg/g (Fig. 4b), which is far less than the maximum
absorption capacity of 714 mg/g [25]. The removal rates
of GO increased as initial MB concentration increased
(Fig. 4c). Most GO (90.1%) was removed and the coagu-
lation capacity reached the maximum value of 2.27 g/g at
initial MB concentration of 20 mg/L (Fig. 4d). The coagu-
lation capacities of several coagulants proposed by others
are listed in Table 1 [13-19]. In comparison, MB excels in its
coagulation capacity, only second to cement. An additional
advantage is that, MB itself is a contaminant that needs to
be treated. No additional cost is incurred when MB and
GO are treated together. More importantly, GO takes away
part of MB during coagulation, which in turn reduces
the cost of MB treatment. In sum MB possess the unique
advantage of introducing benefits instead of expenditure.
The coagulation capacities for GO in the presence
of other dyes had been also studied. We chose anionic
dye (MO) and a cationic dye (RhB) as the coagulants.
Fig. 5a shows the absorption spectra of GO in MO aqueous
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suspensions. Unlike in MB aqueous suspension, absor-
bance did not decrease but increased even though the ini-
tial MO concentration reached 400 mg/L. The maximum
absorbance increment appeared at 228 nm which was
also the maximum absorbance position of MO (Fig. S2b).
So the enhancement of absorbance could be attributed to
the adsorption of MO by GO. Figs. 5b—d show the absorp-
tion spectra, digital photographs and the removal rates
of GO in RhB aqueous suspensions. When the concentra-
tion of RhB did not exceed 50 mg/L, absorbance at 228 nm
changed little, and no obvious precipitates were observed
in the digital photographs. Shoulder peaks appeared near
565 nm, which corresponded to the absorption peak of

Table 1
Comparisons of the coagulation capacity of GO with different
coagulants

Coagulants Removal capacity (mg/g)  References
Mg/Al LDH-C1 57 13
Mg/Al LDH 79.9 14
Ca/Al LDH 123 14
LDO-GI 448.3 15
Ca/Al/La-CLDHs  558.6 16
Mg/Al/La-CLDHs  565.8 16
Alum 960 17
MgAI-MMO 984.2 18
Cement 5,981.2 19
MB 2,268 This study
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Fig. 4. (a) Absorption spectra, (b) adsorption capacity of MB on the uncoagulated GO, (c) removal rates and (d) coagulation
capacities with initial MB concentration increasing from 12.5 to 25 mg/L.
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Fig. 5. (a) Absorption spectra of GO in MO aqueous suspensions. (b) The absorption spectra (c) digital photographs (d) removal
rates and (e) coagulation capacities of GO in RhB aqueous suspensions.

RhB (Fig. 2c). Precipitates appeared as RhB concentration
reached 100 mg/L. Subsequently, the removal rate of GO
increased evidently with the increase of RhB concentration,
reaching a maximum removal rate of 71.3%. The maximum
coagulation capacity of RhB was 0.087 mg/g, far less than
that of MB.

Up to now, various mechanisms were used to illustrate
the aggregation of GO by coagulants, including electro-
static interactions, hydrogen bonds, bridging function, sur-
face complexation and memory effect [13-19]. Regardless
of the coagulation mechanism, coagulation occurs only
when coagulants interact with GO to form a composite.
It is well known that cationic dyes can be adsorbed onto
GO due to electrostatic interaction and n—mt stacking inter-
action, and electrostatic interaction plays the major role.
The maximum adsorption capacity of GO for MB and

RhB are 714 and 201 mg/g [25,26]. Therefore, adsorption
occurred between the GO and cationic dyes, at the early
stage of coagulation. This absorption neutralized part
of the charge and reduced the electrostatic repulsion, so
GO tended to agglomerate and precipitate eventually. It
can be further inferred that the stronger the adsorption
ability of GO to dyes, the greater the coagulation. This is
consistent with our coagulation experiments. It is note-
worthy experimentally that when the initial GO concen-
tration is more than 200 mg/g, the maximum coagulation
capacity of MB decreases (Fig. 3f). As the coagulation
capacity all reached the maximum value at the initial con-
centration ratio of 1/2, the initial MB concentration will
be higher when the initial GO concentration is higher. At
this time, MB monomers tend to convert into dimers [27].
There will be interaction between the two monomers of
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the dimer, weakening the interaction between MB and
GO, which consequently reduces the coagulation abil-
ity. GO and MO are both anionic, and the maximum
adsorption capacity of GO for MO is only 16.83 mg/g
[24,28]. So GO does not coagulate with MO. To sum up,
the major contributor of coagulation is the electrostatic
interaction, while the t—mt stacking only plays a minor role.

4. Conclusion

As a cationic dye, MB is a good GO coagulant with excel-
lent performance when GO concentration is no more than
100 mg/L. The maximum coagulation capacity measured
reaches 2.27 g/g, higher than that of most other coagulants.
RhB can also be used as a coagulant, with lower coagula-
tion capacity. Contrarily, the coagulation of GO was not
observed in the presence of MO. Electrostatic interaction
serves as the main driver of coagulation, while the m-m
stacking interaction contributes slightly to the whole inter-
action. MB is a pollutant that needs to be removed from
sewage. No additional cost is incurred to remove GO when
MB and GO are treated together. Meanwhile, GO takes away
part of MB during coagulation, which in turn reduces the
cost of MB treatment. Therefore, MB is not only an effi-
cient coagulant but also an economical coagulant, making
it an ideal candidate for the application.
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Fig. S1. (a) UV-Vis absorption spectra of GO suspension with different concentrations and (b) the correlation between
GO concentrations and its UV absorbance intensity at 228 nm.
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Fig. S2. UV-Vis absorption spectra of (a) MB, (b) MO and (c) RhB. The concentrations of the dyes are all 5 mg/L.
Inset: structure of the dyes. They all have six-membered rings.
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Fig. S3. UV-Vis spectra of MB aqueous solutions (5 mg/L) after adsorption in the presence of ACP. The amounts of ACP are
(a) 50 mg/L, (b) 100 mg/L, (c) 200 mg/L, and (d) 400 mg/L.
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Fig. S4. Absorbance (red dot) and removal percentage (blue
dot) of GO after centrifugation of different times. Speed of
revolution is 6,000 rpm and the centrifugal time is 5 min.
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Fig. S5. Absorbance at 228 nm (red dot) and the removal per-
centage (blue dot) of 10 mL GO suspension (50 mg/L) after
adsorption in the presence of ACP.
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Fig. S6. Absorption spectra after the modified coagulation experiments. The initial GO concentration was about (a) 25, (b) 100,
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