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Abstract. The green exfoliation of graphite by using the serum from skim natural rubber 
latex together with ultrasonication was investigated. The rubber particles were coagulated 
with 0.7% w/v cationic polyacrylamides solution and the remaining serum containing 
ammonia was used as an exfoliating medium. The suspension with 25 mg graphite/ml serum 
was sonicated for 2 h at 29-53°C in an ultrasonic bath at 40 kHz and was left standing for 2 
h at room temperature. The top part was centrifuged at 2000 rpm for 30 min and then the 
top section of this was centrifuged at 10500 rpm for 30 min to collect the solid. This process 
was repeated 2-3 times using the bottom part of the sedimentation. The yield of exfoliated 
graphite sample from each exfoliation process ranged from 0.20-0.35% and showed quality 
of multilayer graphene based on Raman spectroscopy results, which was comparable to the 
commercial graphene. The samples were also checked with scanning electron microscope 
and underwent some experiments, including sedimentation and methylene blue adsorption. 
It was found that the high-quality exfoliated sample showed better dispersion in water, 
resulting in 99% turbidity after 20-min sedimentation and yielded higher adsorption capacity 
than that of the commercial graphene. 
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1. Introduction 
 
Skim natural rubber latex (SNRL) is a by-product in 

the concentrated latex production. Fresh natural rubber 

latex (FNRL) contains colloids of rubber particles which 

are composed of cis-1,4-polyisoprene as the rubber core 

covered by some proteins and phospholipids. After 

tapping, FNRL coagulates and rots rapidly so ammonia 

(NH3) was added to prevent bacteria attack and increase 

colloidal stability. After centrifugation of FNRL, the 

concentrated latex containing approximately 60% dry 

rubber content (DRC) is obtained along with SNRL 

containing 4-7% DRC and residual ammonia [1]. SNRL is 

a low-cost by-product or waste in some smaller factories. 

The treatment of SNRL typically begins with coagulation 

of the rubber particles using sulfuric acid (H2SO4) solution 

at a high concentration yielding a rubber coagulum which 

is made into low-quality skim block and skim crepe and a 

large volume of liquid which is called serum. 

Recently, there have been many researches focusing 

on new applications of SNRL. For example, the films of 

deproteinized skim natural rubber have been studied to be 

used as a controlling layer in the permeation of salicylic 

acid, which showed a good potential in medical purposes 

[2]. The serum obtained after acid coagulation contains a 

lot of organic materials including L-quebrachitol, which is 

a starting material for drugs to treat diabetes and cancer. 

A process including ion exchanges, adsorption, solvent 

extractions and drying, bas been proposed to obtain L-

quebrachitol from the highly acidic serum [3].  

The treatment of SNRL using sulfuric acid is not 

environmentally friendly so new coagulating media for 

rubber coagulation were investigated including chitosan in 

acetic acid and cationic polyacrylamide (PAM+) solutions. 

The treatment yielded better properties of waste water and 

higher quality skim rubber [4]. In case of using PAM+, the 

remaining serum still contains ammonia which could be 

useful. Organic substances including sugars, fatty acids 

and proteins as well as the left-over ammonia in the serum 

could be of use as reducing and stabilizing agents in the 

synthesis of metallic nanoparticles such as silver and gold 

nanoparticles [5-7].  

Not only metallic nanoparticles have been of great 

interest in a wide range of applications in consumer goods 

to medical products but other nanomaterials including 

graphene have also been the focus in material science and 

engineering. Graphene is a 2D material composed of 

carbon atoms connecting with covalent bonds in a 

hexagonal structure. It has many outstanding properties 

including high strength, light-weight, high toughness, very 

good electrical and thermal properties at room 

temperature. Therefore, graphene composites are used as 

sport equipment, a bending touch screen, electrodes in 

batteries, and drug delivery materials [8]. Graphene 

synthesis can be classified into two large types: bottom-up 

method, in which the molecules of carbon atoms from a 

carbon source are arranged to form graphene, such as 

pyrolysis, chemical vapor coating, etc., and top-down 

method, in which graphite layers held together by weak 

van der Waal's forces are separated, such as mechanical 

and chemical exfoliation [8]. The most commonly used 

top-down method is the Hummer method, in which a 

strong acid was used as an oxidizing agent to turn 

graphene to graphene oxide (GO) which could be more 

exfoliated and dispersed in water but was lower in 

electrical conductivity. Therefore, a reducing agent may be 

used to convert graphene oxide to reduced graphene oxide 

(rGO) [9-15]. However, in the above method, many 

hazardous chemicals and large amounts of water were 

used. In addition, the obtained graphene was defected and 

sometimes contaminated with residual chemicals. In 

addition, for the application involved electrical 

conductivity of graphene, the properties closely rely on the 

extent of the reduction of graphene oxide.  

To avoid the uses of dangerous chemicals and large 

amounts of water, and keep the electrical properties intact 

as much as possible, exfoliations of graphite in the liquid 

phase using various substances were investigated. For 

example, one research studied the exfoliation of graphite 

using 5.0 g graphite powder in 500.0 mL N-methyl-2-

pyrrolidone (NMP) (10 mg/ml) and then sonication 

(100W, 40 kHz) for 48 h. It was found that the graphene 

yield was 0.2% and it was then used to construct an 

electrochemical sensor for highly-sensitive detection of 

diethylstilbestrol and estradiol [16]. 

In another work, the direct exfoliation of graphite to 

obtain few-layer graphene using N-methyl-2-pyrrolidone 

(NMP) together with Fe3O4 nanoparticles in combination 

with ultra-sonication at the power of 240 – 600 W for 30–

120 min was studied. It was found that using NMP at the 

initial concentration of 0.5 mg graphite/mL NMP gave 

the highest exfoliation yield of 19%. If together with the 

use of ultra-sonication for 90 min, the yield could be 

increased to 20%. The presence of Fe3O4 nanoparticles 

also increased the exfoliation efficiency [17].  

In addition, the efficiency improvement of the 

exfoliation was done by using the combination of NMP 

and organic salts such as sodium citrate, sodium tartrate, 

and potassium citrate. It was found that the exfoliation of 

10 mg graphite in 1 ml NMP with K-Citrate resulted in a 

graphene yield of 10% and up to 50% after 8 cycles of 

exfoliation. [18]. 

Among the green solvents which were inexpensive 

and less toxic in the exfoliation of graphite, water is the 

most interesting substance. It has been proposed to use 

water with different organic surfactants or use an alkaline 

aqueous solution together with the use of ultra-sonication 

at high and low frequency (1174 kHz and 20 kHz) to 

obtain a suspension of monolayer or a few layers. The 

results showed a 10% graphene yield [19].  
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In other works, it was found that ammonia or urea 

could play an important role in exfoliating graphite in 

purified water, resulting in a high-quality graphene sheet 

and graphene yield of 0.29% [20] and 0.12% [21], 

respectively. As explained earlier, the left-over ammonia 

still remains in the serum after the treatment of SNRL with 

cationic polyacrylamide solution. Therefore, it could be 

useful in the exfoliation of graphite so the preliminary 

experiment was done and it was confirmed that by 

following the method in [20], ammonia in the serum was 

effective and resulted in a similar graphene yield of 0.28% 

[22].  

The rubber industry is one of the most important 

industries of Thailand. The production of concentrated 

latex was reported as high as 964,403 tons in 2015 [23], 

which could yield about 1,155,355 tons of SNR. Therefore, 

the serum of SNRL could be a sustainable source for 

nanomaterial industries of which the exfoliation of 

graphite is a focus in this current study. This research, thus, 

extended our previous preliminary study and aimed to 

investigate the multi-step exfoliation of graphite by using 

the serum from SNRL with ultra-sonication to increase 

the overall yield of the graphene production. It is also 

interesting to study how each step affected the properties 

of its products so the Raman spectroscopy results would 

be compared. In addition, the comparisons were also 

made with the graphite precursor and the commercial 

graphene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Not only the Raman spectroscopy and scanning 

electron microscopy were applied but certain experiments 

including sedimentation and adsorption using exfoliated 

graphite products were investigated together with the 

precursor graphite and the commercial graphene. 

 

2. Experimental 
 
2.1. Raw Materials 

 
Extra pure fine powder graphite (the particle size less 

than 50 µm) was purchased from Merck & co. inc. Skim 
natural rubber latex (SNRL) was provided by Thai Eastern 
Group Holdings Public Co.,Ltd. (Thailand). Cationic 
polyacrylamide (PAM+) was supplied by Welkin 
Enterprise Co.,Ltd. (Thailand). Sodium dodecyl sulfate 
(SDS) and methylene blue (MB) were purchased from 
Ajax Finechem. The commercial graphene was provided 
by TCI (the thickness of 6-8 nm and the width of 5 µm). 

 
2.2. Preparation of the Serum from Skim Natural 

Rubber Latex 

 
To coagulate the rubber particles in the SNRL, 200 ml 

of 0.7% w/v PAM+ solution was added to 250 ml of 
SNRL and the mixture was stirred at a low speed of 200 
rpm to mix the suspension. The rubber particles were 
coagulated and the coagulum could be removed. After that 
the liquid was filtered with a piece of nylon fabric and the 

 

 

 
Fig. 1. The scheme of multi-exfoliation of graphite to yield various exfoliated graphite samples (G-1 to G-9). 
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clear yellowish liquid was obtained which is called the 
serum. The pH of the serum was measured. 

 
2.3. Liquid Phase Exfoliation of Graphite 

 
The scheme of multi-step exfoliation of graphite using 

the serum from SNRL as an exfoliating medium was 
shown in Fig. 1. Initially, the graphite concentration at 25 
mg/ml was prepared by mixing 250 mg graphite powder 
with 10 ml serum from SNRL. The mixture was sonicated 
for 2 h at 29-53°C in an ultrasonic bath (200 W, 40 kHz) 
and was left to stand for 2 h at room temperature for the 
sedimentation to occur. This is called one step of 
exfoliation (Exf#1). The top and bottom parts were to be 
processed further. 

The top part from Exf#1 was either centrifuged at 
10500 rpm for 30 min to collect the sample called G-1 or 
centrifuged at 2000 rpm for 30 min and separated into top 
and bottom sections. The top section was then centrifuged 
to obtain the sample called G-2 while the bottom section 
underwent the next step of exfoliation (Exf#2) by adding 
10 ml of the serum which followed by sonication for 2 h 
and sedimentation for 2 h. The top part from Exf#2 was 
processed either by centrifugation at 10500 for 30 min to 
yield sample G-4 or by centrifugation at 2000 rpm, for 30 
min followed by the separation to top and bottom 
suspensions of which the top one was centrifuged to 
obtain sample called G-5. 

The bottom part from Exf#1 was exfoliated one 
more time (Exf#3) by sonication and sedimentation to 
yield the top and bottom parts. The top part from Exf#3 
was either centrifuged at 10500 rpm for 30 min to collect 
the sample called G-6 or centrifuged at 2000 rpm for 30 
min to separate the top and bottom sections, of which the 
top one was collected as the sample called G-7. The 
bottom part from Exf#3 was further exfoliated (Exf#4) 
via sonication and sedimentation and the top part 
underwent either centrifugation at 10500 rpm for 30 min 
to obtain sample called G-8 or centrifugation at 2000 rpm 
for 30 min, after that the top part was collected as sample 
called G-9. 

Each collected sample was washed with 1%wt/vol 
sodium dodecyl sulfate (SDS) solution and later with 
distilled water and it was dried in an oven at 80°C until the 
weight was constant. The yield percentage of each sample 
could be defined as 
 
% yield = mass of the exfoliated graphite sample x100 (1) 

                     mass of the precursor graphite   
 

2.4. Characterization of the Exfoliated Graphite 
Samples 

 
2.4.1.  Raman Spectroscopy 

 
Raman spectroscopy results of all the exfoliated 

graphite samples (G-1 to G-9) were obtained using a 
dispersive Raman microscope (Bruker Optics, Model: 

Senterra) with laser wavelength at 532 nm (the laser power 
of 5 mW and the spectral range of 4500 - 70 cm-1). The 
measurement followed the standard methods, ASTM: 
E1693 and ASTM: E1840.  

 
2.4.2. Scanning electron microscopy 

 
The structures and surface morphology of some 

chosen exfoliated graphite samples were investigated 
using a scanning electron microscope (SEM, JSM-7800F) 
with an accelerating voltage of 15 kV. The magnification 
was adjusted to 20000X. 
 
2.5. Sedimentation Experiment 

 
Each of the chosen exfoliated graphite samples 

weighing about 0.005 g was dispersed in 1.5 ml of 
1%wt/vol SDS solution and the mixture was mixed 
homogeneously using the vortex mixer for 30 s. and then 
pipetted into a cuvette. The sedimentation of each sample 
was studied by measuring the absorbance of the settling 
sample using UV–vis spectroscopy (METASH, Model V-
5100 /UV5100) at various times in the period of 20 min. 
The spectral range was between 330 and 600 nm.  
       With the absorbance values in the whole spectral 
range, the average absorbance value could be determined 
by Eq. (2). 
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The turbidity percentage (%T) and the absorbance value 
of the sample are closely related as shown in Eq. (3). 
 

     
10

2 log (% )
av

A T= −     (3) 

 
Then, the turbidity percentage at various times during the 
sedimentation period could be determined for each 
sample. 

 
2.6. Adsorption Experiment 

 
2.6.1.  Preparation of the calibration curve of methylene 

blue solution 

 
The adsorption experiments of the chosen exfoliated 

graphite samples were performed by using methylene blue 
(MB) as the adsorbate. Therefore, the linear calibration 
curve of MB in water was prepared for the solutions with 
the concentration of 1.25, 2.5, 3, 5 and 9 ppm. Each was 
measured for the absorbance at 665 nm using UV-vis 
spectroscopy. The correlation had to yield the value of R2 
greater than 0.99.  
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2.6.2.  Absorption experiment 

 
Each of the chosen exfoliated samples weighing 0.005 

g was added into a vessel containing 45 ml methylene blue 
(MB) solution at different concentration of 1.25, 2.5, 3, 5 
and 9 ppm. After that, it was mixed by the vortex mixer 
for 30 s at room temperature (25°C). The mixtures were 
then shaken in an orbital shaker at 150 rpm for 2 h, during 
which the liquid was sampled every 10 min to check for 
the absorbance using UV–vis spectroscopy. The 
concentration of the MB solution was then calculated 
using the prepared calibration curve. 

The ability to remove MB may be expressed in terms 
of the adsorption percentage, defined in Eq. (4) [24-27]. 
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C

−
=    (4) 

 
where Co and Ct are the initial concentration (mg/l) and 
the concentration (mg/l) of MB at any adsorption time, t, 
respectively. The adsorption capacity at any time, qt is 
defined as shown in Eq. (5), 
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q

m

−
=                                              (5) 

 
where qt is the adsorption capacity at any time (mg MB/g 
sample), V is the volume of MB solution (l) and m is the 
mass of the exfoliated graphite sample (g). 

To study the adsorption kinetics, the pseudo-first-
order and pseudo-second-order kinetic models could be 
used [24-27]. The pseudo-first-order kinetics equation is 
expressed as  

 

        
1
( )t

e t

dq
k q q

dt
= −     (6) 

 
where qt and qe are the adsorption capacity (mg MB/g 
sample) at any time t and at equilibrium, respectively. The 
parameter k1 is the Lagergren rate constant of the pseudo-
first-order adsorption (min−1). Upon integration of Eq. (6) 
using the initial condition, qt(0) = 0, and condition at any 
time t,  qt(t) = qt, Eq. (7) was obtained.  
 

        
1

ln( ) ln( )
e t e

q q q k t− = −    (7) 

  
When ln(qe − qt) is plotted against t, the slope and the 
intercept of the plot could be used to determine the rate 
constant k1 and qe, respectively [24-27].  
         The equation of the pseudo-second-order is 
expressed as 

 

        
2

2
( )t

e t

dq
k q q

dt
= −     (8) 

where the variables are defined the same and the 
parameter k2 is the rate constant of the pseudo-second-

order adsorption (g mg−1 min−1). With the initial condition 
of qt(0) = 0, and that of any time qt(t) = qt, Eq. (8) is 
integrated to yield Eq. (9). 
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The plot of the linearized equation, Eq. (9), of t/qt versus 
t yields qe and k2 from the slope and the intercept, 
respectively [24-27].  

Because adsorption is one of the processes that could 
reach an equilibrium point where at a constant 
temperature the chemical potential of the adsorbate on the 
solid surface is the same as that in the liquid phase. To 
study the adsorption equilibrium, two basic models, 
Langmuir and Freundlich isotherms, are usually applied. 
Langmuir adsorption isotherm describes monolayer 
adsorption of the substance on the surface of the 
adsorbent so the maximum adsorption capacity (qmax) on 
the adsorbent surface could be approximated. The 
Langmuir isotherm equation in a linearized form is 
expressed in Eq. (10). 

 

max max

1 1 1 1

e L e
q q K C q

= +
 
 
 

  (10) 

 
where qe and qmax are the equilibrium adsorption capacity 
(mg/g) and the maximum adsorption capacity of the 
adsorbent (mg/g), respectively. Ce is the equilibrium 
concentration of MB in the solution (mg/L) and KL is the 
Langmuir isotherm constant (L/mg) which is related to 
the free energy of adsorption. The plot of 1/qe against 
1/Ce could be prepared and the slope along with the 
intercept are obtained to determine both qmax and KL [24-
27]. 

While Langmuir isotherm best describes the 
monolayer adsorption, Freundlich isotherm could be 
applied to explain the multi-layer absorption where 
adsorbate molecules could be on top of one another. The 
isotherm is expressed in a linearized from in Eq. (11). 

 

1
ln ln ln

e e F
q C K

n
= +    (11) 

 
Here, Freundlich parameters KF and n are obtained when 
ln qe is plotted versus ln Ce. The values of n and KF are 
obtained from the slope and intercept, respectively [24-27]. 
 

3. Results and Discussion 
 

3.1. The Yields of the Exfoliated Graphite Samples 
 

Various exfoliated graphite samples (G-1 to G-9) were 
collected from the multi-step exfoliation process (Exf#1, 
Exf#2, Exf#3 and Exf#4) using the serum from SNRL 
of which the pH was 8.91-9.12, together with the ultra-
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sonication as described in Section 2.3 and shown in Fig. 1. 
The yield percentages of all samples were displayed in 
Table 1. 

 
The samples G-1 and G-2 were the exfoliated 

products from the step Exf#1, G-4 and G-5 from Exf#2, 
G-6 and G-7 from Exf#3, and G-8 and G-9 from Exf#4. 
All reported yields were small when compared with using 
other NMP solvents with the amounts of graphite used 
was much lower, 10 and 0.5 mg/ml [16, 17]. But our result 
(the yield of G-2) was consistent with the one reported in 
the literature using ammonia at pH ~9 [20], confirming 
the effect of remaining ammonia in the serum of SNRL. 
For every pair, collecting of top part products after 
centrifugation at 2000 rpm gave smaller yields than those 
collecting all particles after centrifugation at 10500 rpm.  

Obviously, more steps of exfoliation (adding the 
serum and further sonication) could increase the overall 
yields of exfoliated graphite. However, the quality of 
exfoliated graphite products had to be checked with 
Raman spectroscopy results which would be discussed in 
the next section.  

 
3.2. Characterization of the Exfoliated Graphite 

Samples 

 
3.2.1. Raman spectroscopy results 
 

The characteristics of the exfoliated graphite samples 
(G-1 to G-9) along with the precursor graphite and the 
commercial graphene were analyzed through Raman 
scattering because it was very sensitive to crystal defects 
and the number of layers in graphene sheets. Typically, 
three major peaks are detected, the D peak at ~1350 cm-1, 
the G peak at ~1576 cm-1, and the 2D peak at ~2700 cm-

1. The results of the peak position and intensity of Raman 
spectra were shown in Fig. 2, and the numbers were 
tabulated in Table 2 for clarity. A higher D peak represents 
more defect of the edges. A higher G peak represents 
more C-C stretching mode in sp2 hybridized carbon bonds 
in the graphene or graphite lattice [28]. 

 
The shape and the position of the 2D peak is 

generated by the electron scattering by two phonons [28].  
Typically, the D band (1350 cm−1) is sensitive to the 

structural defects in the graphene and the intensity ratio of 
the D band to the G band is commonly used to estimate 
the degree of structural defects in the graphene [20]. The 
ratio of ID/IG increased after exfoliation value suggested 
that the ultrasonication induced exfoliation process 
produced few structural defects on the basal plane of the 
resultant exfoliation graphite [20, 29]. 

To investigate the quality of the exfoliated graphite 
samples, the intensity ratios of two peaks of all samples 
were compared with those of the precursor graphite and 
the commercial graphene. It was suggested that the ratios 
of I2D/IG of graphite, multilayer graphene and bilayer 
graphene were 0.35, 0.50 and 0.69, respectively [29].  For 
the precursor graphite, the ratio was 0.35 close to what 
was reported. All ratios of exfoliated samples were greater 
than that of graphite and comparable to that of the 
commercial graphene.  They should be of the quality of 
multilayer graphene [29].   

Usually, the ratio I2D/IG decreased with an increase in 
the number of layers.  The exfoliation did not seem to be 
more effective at later step of exfoliation as the ratio 
I2D/IG of the samples did not increase.  We also did the 
experiment in which the sonication time was prolonged 
up to 6 h, instead of 2 h, which might be equivalent to 
undergoing more steps of exfoliation, the product did not 
yield higher value of I2D/IG.                       

 

Table 1. %Yield of the exfoliated graphite samples. 
 

Sample %Yield 

G-1 4.18 

G-2 0.32 

G-3  3.94 

G-4 1.00 

G-5 0.20 

G-6 0.68 

G-7 0.24 

G-8 1.28 

G-9 0.35 

 
 

 

 

 
Fig. 2. Raman spectra of all samples were compared where 
(a) G-1, G-6, G-7, the precursor graphite and the 
commercial graphene and (b) G-2, G-3, G-4, G-5, G-8, 
and G-9 were shown. 
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The Raman spectroscopy results were considered in 
choosing the samples for further investigation via SEM 
and other experiments. The ratio intensities of I2D/IG of 
the samples G-1, G-6 and G-7 were 0.53, 0.49 and 0.46, 
respectively. These samples were chosen to be studied 
further via SEM and other experiments along with the 
graphite precursor and the commercial graphene with the 
ratios of 0.35 and 0.50, respectively. It would be of interest 
to see whether the quality level of the obtained exfoliated 
graphite product based on I2D/IG affected the results in 
the sedimentation and adsorption experiments as 
discussed in Section 3.2.3 and 3.2.4, respectively. 

 
3.2.2.  Morphology of the exfoliated graphite samples 

from scanning electron microscope (SEM) 

 

 
 

The morphology of the chosen exfoliated graphite 
samples was observed through the micrographs in Fig. 3. 
The micrographs showed sheets of dispersed exfoliated 
graphite. Some displayed stacked layers with thin edges. It 
seemed that the sheets of G-6, G-7 and graphene were 
smaller than graphite and G-1 probably 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
because more steps of exfoliation caused breaking up 

of the sheets.  
No impurities were observed, confirming the 

effective washing twice, once with 1%wt/vol SDS 
solution and another with water. Fewer layers were seen 
after exfoliation, assuring the use of residual ammonia 
from the SNRL with ultra-sonication to successfully 
exfoliate the graphite. This is consistent with previous 
result where a small amount of ammonia solution is used 
to exfoliate graphite [20]. Ammonia was believed to 
penetrate between the graphite layers, thereby reducing 
the attraction between the layers and causing exfoliation  

The structures of the obtained products were similar 
to that of the commercial graphene. It can be seen from 
Fig. 3(a), Fig. 3(b) and Fig. 3(c) that the fracture of the 
sheets may be caused by sonication and heating 
corresponding to the ratio ID/IG values in Table 2. The 
higher value of the ratio ID/IG indicated more damages on 
basal planes caused by the ultrasonication-induced 
scrubbing process. [20, 29]. The damages were less 
observed in Fig. 3(d) and Fig. 3(e) of the precursor 
graphite and the commercial graphene, of which the ratios 
of ID/IG values were smaller. 

 
3.3. Experiments with Exfoliated Graphite Samples 

 
3.3.1. Sedimentation experiment 

 
The absorbance of the suspension of exfoliated 

graphite in 1%wt/vol SDS solution was measured 
covering a range of the wavelength between 330 and 600 
nm and the results of all samples were shown in Fig. 4. 

It could be observed from Fig. 4 that in the beginning 
of the sedimentation, the absorbance values of the 
suspensions of the sample G-7 and the commercial 
graphene were the same which was higher than those of 
the sample G-1, graphite and the sample G-6. The order 
was changed to G-7, G-1, the commercial graphene, 
graphite and closely followed by G-6 at the settling time 
of 20 min. This indicated that, among the exfoliated 

 

Table 2. Results from Raman spectra including peak position, intensity, and the corresponding ratio of all samples. 
 

Sample 
D peak 
(cm-1) 

D 
Intensity 

G peak 
(cm-1) 

G 
Intensity 

2D 
peak 
(cm-1) 

2D 
Intensity 

ID/IG I2D/IG 

G-1 1346.03 3274.90 1571.45 11001.68 2686.94 5756.38 0.30 0.52 

G-2 1350.56 5451.81 1581.28 11792.02 2699.16 6324.98 0.46 0.54 

G-3  1342.15 2570.00 1568.63 10607.49 2684.74 5011.79 0.24 0.47 

G-4 1345.88 2345.93 1568.31 10019.35 2687.44 4690.04 0.23 0.47 

G-5 1348.43 4005.42 1574.54 10974.33 2688.85 5210.02 0.36 0.47 

G-6 1346.03 2748.70 1572.61 9283.91 2688.73 4481.44 0.30 0.48 

G-7 1349.82 4604.32 1576.77 13016.12 2693.87 6036.62 0.35 0.46 

G-8 1343.50 1719.08 1569.5 9463.99 2692.00 3817.14 0.18 0.40 

G-9 1350.50 3798.04 1581.00 8643.22 2701.00 4703.96 0.44 0.54 

Graphene 1344.19 1816.98 1572.91 7739.22 2686.20 3967.59 0.23 0.51 

Graphite 1347.76 3265.15 1575.10 12580.12 2705.96 4404.66 0.26 0.35 

 
  

 

 
Fig. 3. SEM images of the exfoliated graphite samples, (a) 
G-1, (b) G-6, (c) G-7, (d) the precursor graphite and (e) the 
commercial graphene. 
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samples, G-7 showed the best degree of dispersion 
followed by G-1 and G-6, which could be attributable to 
both the smaller sizes in two dimensions (length and width) 
as well as possibly fewer layer (thickness) of the G-7 
product. It is better-dispersed than the commercial 
graphene after 20 min of sedimentation. 

 
 

Theoretically, during sedimentation of particles, each 
particle is under the effect of various forces which are the 
weight of the particles, the buoyant force and the drag 
force (friction force) between the particle and the liquid. 
Initially, the particle settles with a resultant acceleration 
which is decreased along the settling time. Finally, the 
particle settles with a constant velocity called settling 
velocity, ut, which could be determined from the equation 
of force balance as shown in Eq. (12). 

 

2 ( )
S

t

DP S

g m
u

A C

 



−
=    (12) 

 

Here, 
S

 and  are the densities of solid particle and 

liquid, respectively. AP is the projected area, to which the 
flow is directed. m is the mass of the particle and g is the 
gravitational acceleration. CD is the drag coefficient which 

is a function of Reynolds number ( Re 4 /tLu = , where 

L is the nominal size of particle and  is the viscosity of 

the liquid). Because the exfoliated graphite could be 
considered fine particles, their settling was assumed in the 

range of a low Re, in which 24 / ReDC = .  

If graphite or few-layer graphene was assumed a 
particle having the size LS x WS x tS, where LS is the length, 

WS is the width and tS is the thickness of the solid particle. 

Then, the mass, m is
S S S S
L W t and Ap is either LSWS or 

LStS, or WStS, depending on the side of the particle turning 
downward while settling. Replacing Cd, m and Ap in Eq. 
(12), one of the possible equations is 
 

( )( )

3

S

t

S Sg L t
u

 


=

−
   (13) 

 
Evidently, the settling velocity, which could affect the 
absorbance of the suspension, depends on the size of the 
particle as discussed earlier. It is interesting to check the 
order of magnitude of the settling velocity of graphene. 
The density of graphite or graphene is in the range of 2.09-
2.27 kg/m3 [30]. The density and viscosity of water at 
25°C is 997 kg/m3 and 8.90x10-4 Pa·s, respectively [31]. 
The size of the commercial graphene was given by the 
company as 5 µm in length and 6-8 nm in thickness. The 
settling velocity of graphene could be 1.52x10-4 cm/s. At 
20 min, the traveling distance should be about 0.18 cm 
which is very small.  

The absorbance values at various times were collected 
up to 20 min so the turbidity percentages of all samples 
could be determined according to Eq. (3). The results of 
turbidity percentages were shown in Fig. 5. 

 

 
It could be simply assumed that the suspension 

turbidity (T) is proportional to the number of settling 
particles (N) so  
 

T

dT
k

dN
=     (14) 

 
where kT is a constant.  In addition, the change of the 
number of settling particles (N) in a settling length (L) 
could be considered proportional to the settling velocity 
so 
 

U t

dN
k u

dt
= −     (15) 

 

 

 

 
Fig. 4. The absorbance spectra of all suspensions were 
shown at the wavelength of 330 – 600 nm at (a) t = 0 min 
and (b) t = 20 min. 

 

 

 
Fig. 5. The turbidity percentages of all samples along the 
settling time up to 20 min. 
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Therefore, the change of turbidity over the settling time 
could be derived as 
 

( )( )
T U t

dT dT dN
k k u

dt dN dt
= = −
  
  
  

 (16) 

 
Equation (16) shows that the change of suspension 
turbidity over time is dependent on the settling velocity. 
Next, inserting Eq. (14) and Eq. (15) in Eq. (16), the 
relation for the change of suspension turbidity over the 
settling time was obtained from Eq. (17). 
 

( )( )

12

ST U S Sk k g L tdT
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−
= −   (17) 

 
Therefore, the change of suspension turbidity over 

time depends on the size (LS) as well as the number of 
layers (thickness, tS) of the exfoliated graphite samples. If 
the particles were smaller, the sedimentation is slower and 
then the suspension would be more turbid for a long time. 
As seen from Fig. 5, the turbidity of the sample in the 
order of high to low is from the sample G-7, G-1, the 
commercial graphene, graphite and G-6. Additionally, 
considering the slope of the graph in Fig. 5, it was seen 
that the highest one is from graphite followed by G-6 of 
which the initial turbidity was the lowest, followed by the 
commercial graphene, G-1 and G-7, indicating that the 
size of G-7 was the smallest. The results of G-6 were 
unexpected. This could be from the aggregation of 
particles in the beginning of the sedimentation. 
 
3.3.2. Adsorption experiment 

 
Adsorption is a physicochemical process describing 

the separation of molecules from the gas or liquid phase 
to the adsorbent surface [32]. In this study, the samples G-
1, G-6 and G-7 were experimented along with the 
precursor graphite and the commercial graphene. The 
concentration of MB was varied from 1.25 to 9 ppm while 
the amount of the adsorbate was fixed. For the adsorption 
kinetics study, the results of the experiment using 9 ppm 
MB solution were shown as an example in Fig. 6, while for 
the adsorption equilibrium study, the results of the 
experiment using the sample G-6 was displayed as an 
example in Fig. 7. 

Figure 6 showed the plot of experimental results (dots) 
along with the predicted values (lines) from the pseudo-
first-order model represented by Eq. (7) and pseudo-
second-order model represented by Eq. (9). The 
parameters of the pseudo-first-order and pseudo-second-
order kinetics equations were shown in Table 3.  

As seen in Fig. 6(a), the correlation between the 
experimental and predicted values was not as good as that 
shown in Fig. 6(b), which could be confirmed by the value 
of R2 in Table 3. Those of the pseudo-first-order fittings 
were much less than 0.9 in all experiments so the pseudo-
first-order model could not be used to explain the kinetics 
[32]. On the other hand, those of the pseudo-second-

order fittings in all, except for one, experiments were 
greater than 0.9 so the pseudo-second-order model could 
be adopted to explain the adsorption kinetics in this study. 
As the values of R2 were greater than 0.9, the predicted 
values of the equilibrium adsorption capacity, qe, were also 
close to the experimental values at the longest adsorption 
time of 120 min. For each adsorbent sample, the 
equilibrium adsorption capacity increased with the initial 
concentration of MB solution, indicating that up to 9 ppm, 
the surfaces of all samples could still accommodate more 
adsorbate molecules from the liquid phase. Comparing all 
adsorbent samples, at the initial MB concentration at 1.25 
ppm, qe of all samples were not much different while at a 
higher MB concentration (from 2.5 to 9 ppm), the highest 
value of qe was obtained from the sample G-7 which was 
also greater than that from the commercial graphene. 
Compared among all exfoliated graphite products, the 
sample G-7 gave the highest value of qe, followed by the 
samples G-1 and G-6. Interestingly, this finding was 
consistent with the sedimentation results so it is possible 
that the smaller size and fewer layers of the exfoliated 
graphite could result in higher degree of dispersion and 
this in turn could result in better adsorption capacity. The 
smaller size could be actually resulted from the breakage 
of sample sheets, which should not affect the total surface 
area of the sample much. Because, the adsorption capacity 
depends greatly on the surface area of the adsorbents, 
these sets of adsorption results indicated the increase of 
total surface area after exfoliation to fewer layer sheets. 

The changes of adsorption capacity (qt) and 
adsorption percentage along the adsorption time were also 
shown in Fig. 6(c) and Fig. 6(d), respectively. It was 
evidently observed that the adsorption capacity could 
reach the equilibrium or almost close to equilibrium in less 
than 20 min. The fluctuation of the adsorption capacity in 
the first hour of adsorption was observed for the samples 
G-1, G-6 and graphite, probably attributed to the bad 
dispersion of the samples in MB solution and weak 
attractive forces between MB molecules and the layers of 
the graphite, unlike the strong attractive force when 
adsorbed inside the micropores of activated carbon [33]. 
The values of k2 did not seem to show any obvious trend. 

Langmuir and Freundlich isotherm models according 
to Eq. (10) and (11), respectively, were applied to fit the 
adsorption equilibrium results [34]. As an example, the 
results of the sample G-6 were shown in Fig. 7(a) and Fig. 
7(b). The parameters of both isotherms for all adsorbents 
were reported in Table 4 along with the values of R2. The 
parameter qm in Langmuir adsorption isotherm represents 
the maximum adsorption capacity of methylene blue (MB) 
on the surface of the samples. The qm values for G-1, G-
6, G-7, the precursor graphite, and the commercial 
graphene were 31.45, 40.49, 38.02, 29.15 and 42.37 mg/g, 
respectively. Comparing these values with ones of qe when 
using the initial MB concentration of 9 ppm which were 
33.44, 32.90, 54.00, 38.02 and 42.19 mg/g, it was found 
that not all values of qm were possible.  
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Table 3. The obtained values of k1, k2, qe and R2 of pseudo-first-order and pseudo-second-order kinetics models. 
 

 Pseudo-first-order Pseudo-second-order 

Sample MB Concentration 
k1 

(min-1) 
qe R2 

k2 

(g mg-1 
min-1) 

qe R2 

G-1 

1.25 0.0127 2.96 0.5370 0.2016 7.67 0.9927 
2.5 0.0385 5.55 0.6855 0.0198 13.55 0.9959 
3 0.0029 3.23 0.5166 0.0318 15.82 0.9990 
5 0.0246 6.18 0.6373 0.0112 20.04 0.9957 
9 0.0076 24.21 0.5883 0.0173 33.44 0.9911 

G-6 

1.25 0.0119 3.60 0.6449 0.0373 7.62 0.9840 
2.5 0.0287 4.77 0.8225 0.0221 15.28 0.9992 
3 0.0308 6.92 0.8776 0.0108 17.15 0.9983 
5 0.0071 12.15 0.5177 0.0354 20.45 0.9926 
9 0.0112 30.80 0.6582 0.0016 32.89 0.8398 

G-7  

1.25 0.0186 5.57 0.5340 0.0556 8.44 0.9542 
2.5 0.0405 4.29 0.2689 0.0298 20.24 0.9997 
3 0.0324 7.93 0.4322 0.0107 22.92 0.9982 
5 0.0321 15.21 0.6599 0.0053 36.72 0.9964 
9 0.0311 20.60 0.6565 0.0047 54.00 0.9945 

Graphite 

1.25 0.0325 3.23 0.6571 0.0599 8.71 0.9965 
2.5 0.0314 5.97 0.6736 0.0522 10.01 0.9891 
3 0.0177 4.20 0.6633 0.0201 13.05 0.9888 
5 0.0144 5.19 0.6644 0.0200 10.99 0.9602 
9 0.0171 6.29 0.5176 0.1134 38.02 0.9993 

Graphene 

1.25 0.0167 3.74 0.7144 0.0121 8.76 0.9892 
2.5 0.0236 6.60 0.8646 0.0069 17.24 0.9846 
3 0.0208 6.18 0.5693 0.0063 20.24 0.9849 
5 0.0182 8.28 0.7266 0.0041 27.40 0.9602 
9 0.0215 10.18 0.5494 0.0174 42.19 0.9972 

 
  

 

Table 4. Langmuir and Freundlich isotherm parameters for the MB adsorption of different samples. 
 

 Langmuir  Freundlich 

Sample 
qm 

(mg/g) 
KL (L/mg) R2 

 KF 
(mg/g) 

1/n R2 

G-1 31.45 0.93 0.9775  14.10 0.53 0.9954 

G-6 40.49 0.58 0.9655  13.62 0.51 0.9125 

G-7 38.02 0.91 0.9046  34.25 0.32 0.9730 

Graphite 29.15 1.39 0.8842  15.36 0.54 0.8857 

Graphene 42.37 2.46 0.9316  25.89 0.34 0.9827 
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Therefore, the Freundlich isotherm was better in this 
study. The parameter KF is the Freundlich constant which 
is related to adsorption capacity of the adsorbent (mg/g). 
The index 1/n is related to adsorption intensity indicating 
whether the adsorption is favorable. Table 5 also listed the 
relevant parameters derived from Freundlich isotherm 
model. The values of KF of the sample G-7 was the highest 
followed by those of the commercial graphene, graphite, 
G-1 and G-6, showing the same order as for the values of 
qe when using the initial MB concentration of 9 ppm, the 
highest concentration applied in this study. Additionally, 
if the value of n is greater than 1, the adsorption of 
molecules on top of each other is considered favorable 
[32]. As shown, all adsorbents gave values of n greater than 

1 so the multi-layer adsorption on the surface of each 
sample was favorable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusions 
 

In this research, the serum from SNRL which still 
contained the left-over ammonia was used as the 
exfoliating medium in liquid exfoliation of graphite. Multi-
step of exfoliation was applied and the overall yield could 
be increased but it was still not attractive. However, this 
work, based on the Raman spectroscopy results, showed 
that various quality levels of exfoliated graphite products 
could be obtained in the multi-step exfoliation. After 
exfoliation, the values of I2D/IG ratio of some foliated 
samples were higher than that of the precursor graphite 
and some were also higher than that of the commercial 
graphene. Three were chosen, ones with I2D/IG greater 

 
 

 
 

Fig. 6. The fittings of (a) pseudo-1st order and (b) pseudo-2nd order kinetics models together with the results of (c) the 
MB adsorption capacity and (d) the adsorption percentage along the adsorption time. 

 

 

 
Fig. 7. The equilibrium adsorption results were shown fitted with (a) Langmuir isotherm and (b) Freundlich isotherm. 
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than (G1), close to (G6) and less (G7) than that of the   
Commercial graphene. 
       In the sedimentation experiment, the exfoliated 
graphite samples, G-1 and G-7, could be suspended in the 
water better than the precursor graphite and the sample 
G-7 was even better than the commercial graphene.  
Similarly, in the adsorption experiment, the samples G-1 
and G-7 could adsorb MB with higher adsorption capacity 
than the precursor graphite and the sample G-7 could do 
even better than the commercial graphene. The sample G-
6 in both experiments showed worse results than those of 
the precursor graphite, possibly from the aggregation of 
the sample during preparation.  
       Therefore, it seemed consistent that the quality of 
graphene, such as dispersion in water and adsorption 
capacity, depended on the degree of exfoliation which was 
roughly related to the I2D/IG ratio. This work confirmed 
that the quality of the exfoliated samples using the serum 
from SNRL could be in the same or even higher level than 
the commercial graphene but the yield was still low, which 
could be investigated further in the future. Two 
possibilities could be tested. One is that lowering the ratio 
of the graphite mass and the exfoliating medium volume 
and the other is separation of the graphite population 
based on the its size first and different condition in the 
exfoliation process is applied to different sample. 
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