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ABSTRACT

With the extensive use of graphene oxide (GO) in research and application, the negative impact
of water-soluble graphene oxide on the environment has to be considered. It is significant to find
a suitable method to remove GO from water. In this study, sulfates were used as the coagulants
for GO removal. The experimental results showed that cations as Mg*, Al*, Ca*, Co*, Ni*, Cu*,
Zn*, Mn?* interacted with GO and GO would agglomerate then. However, low-concentration Na,
K* and SO;- did not show any coagulation capacity. The temperature, equilibrium time and the ini-
tial concentration of cations and GO would affect the coagulation capacities. Among the selected
sulfates, aluminum sulfate, calcium sulfate and copper sulfate had higher coagulation capacities,
which were 4,772; 1,149 and 1,451 mg/g, respectively. In addition, the metallic cations mentioned
were easy to obtain, so they were promising coagulants for the elimination of GO from water.
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1. Introduction

Due to their excellent mechanical, electrical, optical
and thermal properties, graphene and its derivatives have
been widely concerned by researchers in recent years [1-6].
Graphene oxide (GO) is an important derivative of graphene
with wider application prospects as it is easy to process and
contains abundant functional groups [7-10]. Nevertheless,
GO is water-soluble, which means it may influx into the
aquatic system in the process of preparation and application.

* Corresponding authors.

Researchers have pointed out that GO exhibited poten-
tial toxicity in bacteria, animals, plants and human cells
[11-14]. Thus GO must be removed from the aquatic envi-
ronment and appropriate methods are urgently needed.
Photo-induced degradation [15] and coagulation [16-
22] were the common methods to remove GO. The capaci-
ties of coagulation are more promising than those of pho-
to-degradation because of its less reaction time (usually
within an hour) and no additional energy. For instance,
Wang et al. [18] reported the GO removal capacities could
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reach 565.8 mg/g on Mg/Al/La-calcined layered double
hydroxides (CLDHs) and 558.6 mg/g on Ca/Al/La-CLDHs
at GO initial concentration of 120 mg/L and CLDHs con-
tent of 0.2 g/L. The removal percentage of GO exceeds 90%
within the contact time of 30 min. Yuan et al. [19] found that
MgAl-mixed metal oxide (MgAI-MMO) exhibited ultra-
high GO adsorption capacity of 984.2 mg/g, which is high-
est among Al-based oxides/hydroxides. A study by Duan et
al. [20] found alum is also a good coagulant whose removal
capacity is 960 mg/g. Alum is quite different from Al-based
oxides/hydroxides as a coagulant because it is water-soluble
and the Al species in the aqueous phase play a major role
in coagulation. Ca* in an aqueous solution can also coag-
ulate GO. For example, cement, mainly composed of cal-
cium salts, has a coagulation capacity of 5,981.2 mg/g which
is the highest removal capacity up to now [21].

It can be seen that the above coagulants are mainly com-
posed of aluminum salt or calcium salt, and cations play a
major role in the coagulation process [16-21]. However, the
existing coagulants usually consist of two or more cations.
For example, alum contains K* and AI*". Although Duan et
al. [20] attributed the coagulation of graphene oxides to Al
species, they have not proved that K* was useless. In order
to explain the effect of cations in the coagulation of GO,
the study of single cations is more effective. Being made
relevant attempts [22], the dosages of coagulants were far
greater than those of GO in their experiments. Taking Cu?"
as an example, the dosage of coagulant was 134.45 mg,
90 times that of GO, which was not conducive to show
the coagulation ability of metal cations. We have reduced
the quality of coagulants to twice or less than that of GO.
The effects of cations dosage, GO concentration, contact
time, and temperature on GO coagulation behavior were
investigated. The results will be of great significance to
the development of new coagulants for GO and also con-
tribute to the synthesis of GO composites.

2. Experimental section
2.1. Materials

The GO sheets (ID XF002-1, planar size: 0.5-5 um) were
purchased from Jiangsu Xfnano Materials Tech Co., Ltd.,
(Nanjing, China). Sulfates (Na, SO, MgSO,7H,O, Al(SO,),:
18H,0, KSO, CaSO,2H,0, CoSO,7H,O, NiSO,6H0,
ZnS0O,-7H,0, CuSO,-5H,0, MnSO,-H,0), NaCl and Na,CO,
were obtained from Sinopharm Chemical Reagent Co., Ltd.,
(China) and used to provide cations. The sulfates were all
analytical grades. All the chemicals were used as received
without further purification. Deionized (DI) water was used
in all the experiments.

2.2. Preparation of GO suspension

GO suspension was prepared by intermittent ultrasonic
method to prevent chemical reaction at high temperature.
100 mg GO sheets were added to a beaker containing about
150 mL DI water and then the mixture was ultrasonically
treated. After every 15 min, the ultrasound was stopped
for 30 min and then continued. After the ultrasound time
reached 8 h (excluding the time when the ultrasound stops),

the suspension was allowed to stand for 1 h to cool down
to room temperature and then diluted to 200 mL. The pH
of the initial GO solution was 3.5.

2.3. Coagulation experiments

All the experiments were carried out at 25°C (except
the experiments for different coagulation temperatures),
and a double beam UV/Vis spectrophotometer (Rayleigh
UV2601, China) was used to analyze the concentration
of GO. To initiate each test, GO suspension with differ-
ent concentrations and the sulfate solution were mixed
together in a vial to obtain a 10 mL mixture. The initial
GO concentration (C_,) in the mixture was 50, 100, 200 or
400 mg/L. The mixture was stirred for 1 h and then equili-
brated for 2 h to settle the flocs. Photographs were taken by
a Canon digital single-lens reflex (DSLR) camera immedi-
ately after the reaction. About 4 mL supernatant was then
withdrawn and diluted x (x = C,/50) times. The ultravio-
let-visible (UV-Vis) absorption spectrum of GO after dilu-
tion was measured and the equilibrium concentration of
GO (C,) could be calculated. Experiments at other tem-
peratures (40°C, 55°C or 70°C) underwent a similar process,
except that an extra half-hour cooling process was added
at the end of each experiment to make the mixture return
to normal temperature and become stable. The coagula-
tion capacity (g,) for GO and the removal percentage (R),
were calculated using the following equations:

C
9. =

C
GOe (1)

GO0 —

C

s

R= COC_ Ce 100% )

0

where C_was the initial concentration of the sulfate. Note
that the qualities of crystallized water in sulfates were not
considered in order to make the comparison between sul-
fates more accurate.

2.4. Characterization of the coagulation products

100 mL mixture of GO and sulfate (aluminum sulfate,
calcium sulfate or cupric sulfate) with initial concentrations
of 400 and 800 mg/L was stirred for 1 h and then equil-
ibrated for 2 h. The mixture was centrifuged at 6,000 rpm
for 5 min and the precipitate was dried at 70°C for 24 h.
The products with aluminum ions, calcium ions and cop-
per ions added were labeled as GO-Al, GO-Ca and GO-Cu
respectively. Scanning electron microscopy (SEM) images
were performed on the Zeiss GeminiSEM 300 (Germany)
scanning electron microscope and the FEI Quanta 450 FEG
scanning electron microscope. Powder X-ray diffraction
(XRD) patterns were recorded on the Bruker D8 ADVANCE
(Germany) XRD instrument using Cu K radiation, and the
Fourier-transform infrared (FTIR) spectra were obtained
using the KBr Pellet Method on the Thermo Fisher Nicolet
(USA) spectrometer. Zeta potential was determined using
a Malvern Zetasizer Nano ZS90 (US) zeta potential meter.
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3. Results and discussion

In order to eliminate the influence of anion on the exper-
iment, we tested the coagulation of GO in the presence of
excess anion. As shown in Fig. S1, flocs occurred when the
dosage of NaCl was 50 times as much as that of GO. When
the same amount of sodium sulfate or carbonate was added
into GO suspension, no precipitate was observed. It could
be seen that anions affected coagulation, and the effect of
chloride ion was greater than that of sulfate ion or carbon-
ate ion. In addition, many metallic carbonates are insoluble
in water, so sulfates were employed in our experiments.

The concentration of GO was usually confirmed by the
UV-Vis spectrophotometry at the maximum absorption
wavelength which was about 227 nm [23]. However, cat-
ions from the sulfates, especially Cu*" ion, showed some
absorption at this wavelength (Fig. S2a). The absorbance of
200 mg/L CuSO, is as high as 0.554, which will inevitably
affect the measurement of the GO concentration. Therefore,
it is not feasible to determine the GO concentration by mea-
suring the absorbance at 227 nm in our experiments. After
the UV-Vis absorption spectra were zoomed-in (Fig. S2b), it
was found that the absorbance of all the cations at 336 nm
was very small (no more than 0.002). The UV-Vis spec-
tra of GO with different concentrations are presented in
Fig. S3a and it was found that the adsorption intensity of
aqueous GO solution at 336 nm obeys Beer-Lambert Law
at GO concentration below 50 mg/L (Fig. S3b). The absorp-
tion coefficient (a) for GO at this wavelength was 11.58 L/
(g cm). So the concentration of GO was determined by
measuring the absorbance at 336 nm in this work.

Fig. 1 shows the results of the coagulation experiment
when the initial GO concentration (C_,) was 100 mg/L
and the equilibrium time was 2 h. The corresponding ini-
tial sulfate concentrations (C,) ranged from 40 to 200 mg/L
(2.5-200 mg/L for aluminum sulfate). It can be found from
the spectra that Na*, Mg*, K*, Ca*, Co*, Ni*, Zn* and
Mn*" could not coagulate GO under such experimental
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conditions. No flocs could be seen in the corresponding
photographs (Fig. S4), which also indicates that GO was
not coagulated. GO was not coagulated when the concen-
tration of copper ion was less than 80 mg/L (Fig. 1c). When
C, reached 120 mg/L, some of the GO was removed, and
the removal rate of GO increased with the increase of C..
When C, is 120 mg/L, the coagulation capacity reaches the
maximum value of 0.63 g/g (Fig. 1b). When AlI** was added
into the GO solution, the coagulation of GO occurred
and flocs could be observed even if C, was only 10 mg/L
(Fig. 1d). Most of GO would be removed when the initial
concentration reached 20 mg/L, and the coagulation capac-
ity was as high as 4.77 g/g. When the equilibrium time
increased to 1 d, GO was also coagulated when the cations
were Ca?, Co*, Ni*, Zn*" and Mn?*" (Fig. 2). The coagula-
tion capacities of these cations were not much worse than
that of AI** or Cu* when the initial sulfate concentrations
were 200 mg/L. Therefore, cations as Ca?, Co*, Ni*, Zn*'
and Mn?* can also be used as coagulants for GO, but their
coagulation rate is relatively slow. Contrarily, Na*, Mg?,
K did not show any coagulation capacities under the
same experimental conditions.

Temperature can affect coagulation [17,18], so variable
temperature coagulation experiments have also been car-
ried out (Fig. 3). In these experiments, GO was equilibrated
at different temperatures (40°C, 55°C or 70°C) for 2 h and
then cooled at 25°C for 0.5 h. The reference samples with-
out cations also experienced the same experimental pro-
cess. It could be seen that the absorbance of GO at 336 nm
increased with the increase of temperature, which indicated
that chemical reactions, such as reduction, occurred when
GO was heated. Therefore, the relationship between the
absorbance and the concentration would change with tem-
perature, and we only analyzed the absorbance of GO with-
out calculating the removal rate or the coagulation capacity.
When Na', Mg* or K* was added, the relationship between
the absorbance and the temperature was the same as that
of the reference sample, which indicated that they did not
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Fig. 1. Coagulation experiments with an initial GO concentration of 100 mg/L. The equilibrium temperature and time were
25°C and 2 h. (a) The absorbance and the removal rates of GO and (b) the coagulation capacities after the coagulation experiments.
Digital photographs were taken after equilibrium with (c) Cu?* and (d) AI** added into the GO suspension.
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(b) the digital photographs after the coagulation experiments.

have coagulation capacity at high temperature. When AI** or
Cu?" was added, the equilibrium absorbance decreased with
the increase of temperature, which meant that coagulation
was accelerated under higher temperature. For some other
cations such as Ca?, Co*, Ni*, Zn? or Mn?, there seemed
to be a start-up temperature for coagulation, and the coagu-
lation phenomenon would be obvious when the equilibrium
temperature was higher than the start-up temperature. The
start-up temperature of Ca*, Ni*, Zn*, Mn?" was about 55°C,
while that of Co* was about 70°C.

The initial GO concentration may also affect coagula-
tion [17,18,21]. As shown in Fig. 4, the removal of GO was
studied with other GO initial concentrations of 50, 200 and
400 mg/L. And the initial concentration ratio of the sulfate
and GO (C,/C,,) ranged from 0.4 to 2.0 for the coagulation
experiments. The removal rate of GO by cations other than
Al**and Cu*® was low at an initial GO concentration of less
than 50 mg/L. Cu* showed a coagulation capacity of 0.26 g/g
only when the concentration ratio reached 2 (Fig. 4b). For
Al¥, however, the removal rate reached 93.2% and the

NoneNa Mg Al K

Ca Co Ni Cu

= 2.0). (@) The absorbance of GO and

GO0

coagulation capacity was up to 2.33 g/g when the concentra-
tion ratio was 0.4. These experimental results were similar to
those at the initial GO concentration of 100 mg/L. When the
initial GO concentration increased to 200 mg/L, coagulation
could be observed in the GO solution with 400 mg/L Mg,
Al, Ca, Co, Ni, Cu, Zn or Mn sulfate added (Figs. S5a-d).
The removal rates were 73.3%, 100%, 94.8%, 84.5%, 79.0%,
99.7%, 81.4%, 84.1% (Fig. 4c) and the coagulation capacities
were 0.366, 0.50, 0.474, 0.422, 0.395, 0.498, 0.407, 0.421 g/g,
respectively (Fig. 4d). The order of the coagulation capac-
ities was as follows: Al > Cu* > Ca* > Co*" > Mn* > Zn*
> Ni** > Mg*. Another notable phenomenon was that at
this initial GO concentration, the settling speed of the flocs
was relatively slow except for the GO solution with alu-
minum ions. When the initial GO concentration increased
to 400 mg/L, the removal rates were no less than 98% and
the corresponding coagulation capacity was not less than
0.49 g/g at an initial concentration ratio of 2.0 excepted for
Na* or K* (Fig. 4e). It could also be seen from the optical pho-
tos that the flocs had settled and the supernatant became
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(a,c,e) were the absorbance and the removal rates of GO and (b,d,f) were the coagulation capacities after equilibrium.

transparent (Figs. S5e-h). At this initial GO concentration,
the maximum coagulation capacities of Al**, Ca* and Cu*
were 2.5, 1.16 and 1.42 g/g, respectively (Fig. 4f). However,
sodium sulfate and potassium sulfate did not seem to be
able to coagulate GO when C_, /C, was no more than 2.0.

According to all the coagulation experiments we had
done, the maximum coagulation capacities of aluminum sul-
fate, calcium sulfate and copper sulfate were 4,772; 1,149 and
1,451 mg/g respectively. The coagulation capacities of other
coagulants proposed are listed in Table 1 [16-21,23]. It could
be seen that the coagulation capacities of the three sulfates
were higher than most of the existing coagulants. Moreover,
the coagulation capacity of aluminum sulfate was close to
the existing maximum coagulation capacity of 5,981.2 mg/g.
At the same time, sulfates are common chemical reagents,
which means that their cost is relatively low, so sulfates
as coagulants are very promising.

Electric double-layer compression, adsorption charge
neutralization, inter-colloid bridging and sediment netting/
sweep coagulation were the main mechanisms to illustrate
the aggregation of colloid by coagulants [24]. Several char-
acterizations were performed to explore the possible coag-
ulation mechanism. As shown in Figs. 5a and 5b, GO-Al
was crumpled which was similar to the morphology of GO
[7-10]. No obvious clusters were found on the surface of

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

Coagulants Removal capacity — References
(mg/g)
Mg/Al layered double 79.9 16
hydroxide
Ca/Al layered double 123 16
hydroxide
Calcined glycerinum- 448.3 17
modified Mg/Al layered
double hydroxides
Ca/Al/La-CLDHs 558.6 18
Mg/Al/La-CLDHs 565.8 18
MgAl-MMO 984.2 19
Alum 960 20
Cement 5,981.2 21
MB 2,268 23
AL(SO,), 4,772 This study
CaSO, 1,149 This study
CuSO, 1,451 This study
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Fig. 5. SEM images of (a) GO-Al at low magnification, (b) GO-Al at high magnification, (c) GO-Ca, (d) clusters in GO-Ca,

(e) GO-Cu and (f) clusters in GO-Cu.

GO-ALl On the contrary, when Ca* and Cu* were added,
clusters were formed on the surface as well as in the inter-
layer of GO (Figs. 5c—f). The XRD pattern of GO-Al was
similar to that of the untreated GO sheets (Fig. S6). Only
a sharp peak at 10.4° and a broad peak at 20.8° could be
observed in the XRD pattern of GO-Al which were typi-
cal peaks of GO [25]. The characteristic peaks of calcium
sulfate and copper sulfate appeared in the XRD patterns
of GO-Ca and GO-Cu. Therefore, the clusters in the SEM
images were the sulfate of copper or calcium. There are no
characteristic peaks of other colloids or precipitates (such
as copper hydroxide or calcium hydroxide) in the XRD dia-
grams, so neither inter-colloid bridging nor sediment net-
ting/sweep coagulation was the coagulation mechanism.
The zeta potential of GO without adding any coagulant was
-35.6 mV (Fig. S7). When Na, SO, was added, the change
of zeta potential was small. Even if the amount of Na,SO,
was twice that of GO, the absolute value of zeta potential
was still as high as 26.1 mV. When it came to CuSO,, the
value of zeta potential changed greatly. The absolute value
of zeta potential was —12.1 mV with 40 mg/L CuSO, added.
After the addition of Na,SO, and CuSO,, the ion concen-
tration in the GO solution was almost the same, but the
change of the zeta potential by CuSO, was much greater
than that of Na,SO,. Therefore, the adsorption charge

neutralization rather than electric double-layer compres-
sion was the main coagulation mechanism. FTIR spectra
(Fig. S8) of GO showed C=O (1,717 cm™), aromatic C=C
(1,620 cm™), C-OH (1,374 cm™), epoxy C-O-C (1,223 cm™),
and alkoxy C-O (1,044 cm™) stretching vibrations [26-28].
The peaks at 1,223 and 1,717 cm™ of the samples after
coagulation were obviously weakened, which meant that
C=0 and C-O-C interacted with the metal ions during
coagulation.

4. Conclusion

In this work, the coagulation behaviors of GO in presence
of the metal cations were investigated through a series of
coagulation experiments. The experimental results showed
that Mg*, Al*, Ca*, Co*, Ni*, Cu®*, Zn* or Mn?* cations
could be used as coagulants for GO. The removal capacities
were also dependent on the temperature, equilibrium time
and the initial concentration of cations and GO. The maxi-
mum coagulation capacities of AL(SO,),, CaSO, and CuSO,
were 4.77,1.15 and 1.45 g/g, respectively, and the main mech-
anisms of GO removal by metal cations were adsorption
charge neutralization. In addition, the metal cations men-
tioned were easy to obtain, so they were promising coagu-
lants for the elimination of GO from water.
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Supporting information

Fig. S1: The influence of the anions on coagulation.
Fig. S2: UV-Vis absorption spectra of the sulfates. Fig. S3:
UV-Vis absorption spectra of GO suspension and the cor-
relation between GO concentrations and the absorbance at
336 nm. Fig. S4: Digital photographs taken with the initial
GO concentration of 100 mg/L. Fig. S5: Digital photographs
taken with the initial GO concentration of 200 and 400 mg/L.
Fig. S6: XRD patterns of GO, GO-Al, GO-Ca and GO-Cu.
Fig. S7: Zeta potential of GO suspension with different coag-
ulants added. Fig. S8: FTIR spectra of GO, GO-Al, GO-Ca
and GO-Cu.
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Supporting information

NaCl Na,SO, Na,CO,

Fig. S1. The influence of the anions to coagulation. The label in the figure is the mass ratio of the sodium salt to GO in the solution.
Ceop =100 mg/L.
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Fig. S2. UV-Vis absorption spectra of the sulfates.
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Fig. S3. (a) UV-Vis absorption spectra of GO suspension with different concentrations. (b) The correlation between GO concentrations
and its UV absorbance intensity at 336 nm.
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Fig. S4. Digital photographs were taken after equilibrium for 2 h at 25°C with Na*, Mg*, K*, Ca*, Co*, Ni*, Zn*, Mn* were
added into the GO suspension. The initial GO concentration was 100 mg/L.
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Na

Mg K Co Ni Zn Mn

Fig. S5. Digital photographs were taken after the coagulation experiments with an initial GO concentration of (a-d)
200 mg/L and (e-h) 400 mg/L. The initial concentration ratio with Al*, Ca*, Cu* added were 0.4, 0.8, 1.2, 1.6 and 2.0 from left to right,

and the initial concentration ratio with other cations added was fixed at 2.0.
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Fig. S6. XRD patterns of GO, GO-Al, GO-Ca and GO-Cu. The
circle and triangle represent the XRD peaks of CaSO,-2H,0 and
CuSO,'5H,0, respectively.
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Fig. S7. Zeta potential of GO suspension with different coagu-

lants added. C

=100 mg/L. The concentration of Na,SO, (Nal

GO0

to Na5) or CuSO, (Cul to Cu5) ranged from 40 to 200 mg/L.
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Fig. S8. FTIR spectra of GO, GO-Al, GO-Ca and GO-Cu.
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