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Graphene, a new member of carbon family, has been prepared, characterized and used as adsorbent to
remove phenol from aqueous solution. The effect parameters including pH, dosage, contact time, and
temperature on the adsorption properties of phenol onto graphene were investigated. The results
showed that the maximum adsorption capacity can reach 28.26 mg/g at the conditions of initial phenol
concentration of 50 mg/L, pH 6.3 and 285 K. Adsorption data were well described by both Freundlich and
Langmuir models. The kinetic study illustrated that the adsorption of phenol onto graphene fit the
pseudo second-order model. The thermodynamic parameters indicated that the adsorption of phenol
onto graphene was endothermic and spontaneous.

1. Introduction

Phenol and its derivatives are present in the effluents of such
industries as petroleum refining, leather and textile manufactur-
ing, steel foundry, olive oil manufacturing and phenol production
[1]. Phenols are considered as priority pollutants since they are
harmful to aquatic organisms and human beings even at low
concentrations. Long-term ingestion of water containing phenols
in the human body causes protein degeneration, tissue erosion and
paralysis of the central nervous system and also damages the
kidney, liver and pancreas [2]. Therefore, it is necessary to remove
phenols from industrial wastewaters before being discharged into
the aquatic environment.

Many techniques have been employed for removing phenols
from aqueous solutions including photocatalytic degradation [3],
membrane filtration [4], biological degradation [5], electrochemi-
cal oxidation [6], solvent extraction [7]. Out of all these treatment
methods, adsorption has been considered as one of the most-
widely used and simple treatment approaches for the removal of
phenol due to its low cost and high efficiency. Various adsorbents
such as chitosan [8], clay [9], activated alumina [10], sludge [11],
and activated carbon [1,12] have been screened and used to
remove phenol from aqueous solutions. Among them, carbona-
ceous materials show excellent adsorption capabilities due to their
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large specific surface area, abundant pore size distribution and
controllable surface functional groups. Therefore, the appearance
of new type of carbonaceous material always attracts the
researchers’ attention in using them as adsorbents. For example,
fullerene and carbon nanotubes have been quickly used as
adsorbents to remove organics [13] and heavy metals [14,15]
since their discovery. Their high adsorption capacities and fast
adsorption rate make them promising candidates used in
environmental protection.

Very recently, a new member of carbon family, graphene, has
become a research hotspot due to its unusual physical and
mechanical properties such as high carrier concentration and
mobility [16], high thermal conductivity [17], and high mechanical
strength [18]. These properties hold a great promise for applica-
tions in fields like nanoelectronics [19], sensors [20], transistors
[21], solar cell [22], ultracapacitors [23], and conducting polymer
composites [24]. Preliminary studies showed that graphene has
excellent adsorption capabilities for heavy metals such as Pb?*,
Cd?*, and Cu?* [25-27] and organics such as methylene blue [28],
naphthalene [29] and 1-naphthol [30]. However, up to now no
investigations have been carried on using graphene as adsorbent to
remove phenol from aqueous solutions.

The objective of this study was to investigate the potential
application of graphene as a new adsorbent for the adsorption of
phenol from aqueous solutions. The physico-chemical properties
of graphene were characterized by transmission electron micros-
copy (TEM), Fourier transform infrared spectroscopy (FTIR), and
Brunauer-Emmett-Teller (BET) analysis. The phenol adsorption
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properties of graphene were studied through investigating
experimental parameters such as pH, dosage, contact time, and
temperature. Adsorption isotherm, kinetic and thermodynamic
parameters have been estimated from experimental results.

2. Experimental
2.1. Materials

Expandable graphite was purchased from Henglide Graphite
Co., Ltd, China. Concentrated sulfuric acid, hydrogen peroxide,
potassium permanganate, sodium nitrate, nitric acid, hydrazine
hydrate, phenol and sodium hydroxide were purchased from
Sinopharm Chemical Reagent Co. Ltd, China.

Graphene was prepared by chemical exfoliation method, which
can realize large-scale production of graphene [31]. Graphene
oxide was first prepared using a modified Hummers’ method [32].
In brief, expandable graphite (5 g) was dispersed into a mixture of
concentrated sulfuric acid (230 mL), sodium nitrate (5g) and
potassium permanganate (30¢g) at 0 °C. After the mixture was
stored in refrigerator at 0 °C for 24 h, it was stirred at 35 °C for
30 min and diluted with deionized water to 690 mL. Then, the
mixture was rapidly heated to 98 °C and kept for 30 min, and then
diluted with deionized water to 1400 mL. As 30% hydrogen
peroxide was added into the mixture, the solutions changed into
yellow. The mixture was washed by rinsing with 5% HCl several
times. After filtration and drying at 50 °C, the graphene oxide was
obtained. 3 g graphene oxide was dispersed into 1500 mL
deionized water, then, the mixture was reduced into graphene
by adding 200 mL hydrazine hydrate solution (50%). As the
solution pH reached 6.5 after rinsing, graphene was filtrated,
dried, and stored for further use.

2.2. Adsorbent characterization

Morphology and structure of graphene were characterized by
TEM (JEM-2100F). Bulk dry weight-based C, H, and N contents of
graphene were determined using an elemental analyzer (Elemen-
tar, Germany) with the oxygen content calculated by mass
difference. The Brunauer-Emmett-Teller (BET) surface area, pore
volume, and pore diameter of graphene were determined from the
N, adsorption-desorption at —196 °C using a Micrometric ASAP
2000 system. Functional groups of graphene were analyzed by a
Perkin-Elmer-283B FTIR spectrometer within the wave number
range 400-4000 cm~'. Zeta potentials of graphene, which were
dispersed in deionized water by sonication for 20 min before
measurement, were measured with a Malvern zetameter (Zeta-
sizer 2000, UK). The isoelectric point (IEP) of graphene was
determined by plotting zeta potentials versus solution pH.

2.3. Batch adsorption experiments

Phenol stock solution (100 mg/L) was prepared by dissolving
phenol in deionized water and further diluted to the required
concentrations before used. The isotherms were determined by a
batch equilibration technique at 285 K (room temperature), 313 K,
and 333 K. Graphene (0.05 g) and phenol solution (100 mL) with
initial concentrations of 10-60 mg/L were added to a 150 mL
conical flask for adsorption experiments. The initial pH of
adsorbent suspension was 6.3, so it was maintained at 6.3 by
dropwise addition of 0.1 M HNO3 or 0.1 M NaOH during the
adsorption processes at every 12 h intervals. The flasks were sealed
with glass stoppers and shaken at 100 rpm in a shaker (HZQ-F160)
for 48 h. After centrifugation at 7500 rpm for 5 min, final phenol
concentrations of supernatants were determined by measuring the
absorbance of the samples at the absorbance maximum wave-

length of 270 nm by a UV-visible spectrophotometer (TU-1810,
Beijing Purkinje Co., Ltd). The uptake of the adsorbate at
equilibrium, g. (mg/g), was calculated by:

G — <M>v (1)

m

where Co and C. were initial and equilibrium concentrations of
phenol (mg/L), respectively, m was the mass of adsorbent (g) and V
was volume of the solution (L).

The effect of pH on phenol adsorbed by graphene was studied in
a pH range of 2.3-11.5 and 285 K. The pH of 100 mL solution with
phenol concentration 60 mg/L was adjusted using 0.1 M HNOs or
0.1 M NaOH. The samples were separated and analyzed after 48 h.
In dosage studies, different amounts (0.05-0.17 g) of adsorbents
were added into 100 mL solution with phenol concentration of
50 mg/L and shaken at pH 6.3 and 285 K.

The procedures of kinetic experiments were basically identical
to those of equilibrium tests. The aqueous samples were taken at
preset time intervals and the concentrations of phenol were
measured.

3. Results and discussion
3.1. Characterizations of graphene

TEM image (Fig. 1) shows that graphene film is transparent,
which is usually rippled and entangled due to partial overlapping
of graphene sheets, Atomic force microscopic image shows that
graphene sheets have single or two layers [33]. The elemental
analysis depicts the composition of graphene as C, 91.46%; N,
4.35%; H, 0.04%; O, 4.15%. The nitrogen adsorption/desorption
isotherm of graphene and the pore size distribution based on BJH
method were presented in Fig. 2. According to the IUPAC
classification, graphene isotherm exhibits type IV with a hysteresis
loop. A rapid increase in the volume of adsorbed N, is observed in
the P/Pp range of 0.45-0.90. This obvious increase may be
attributed to the capillary condensation, indicating the good
homogeneity of graphene and fairly small pore size. The apparent
step in the adsorption branch combined with the sharp decline in
the desorption branch is an obvious indication of mesoporous
structure characteristic of graphene [34]. The pore size distribution
(Fig. 2, insert) calculated from the desorption branch of the
isotherm shows a monomodal distribution in the mesopore region
(2-10nm) due to the single hysteresis loop, indicating the
exquisite quality of graphene. The BET surface area, pore volume,
and pore diameter of graphene are 305.78 m?/g, 0.33 cm?/g, and
3.63 nm, respectively.

Fig. 1. TEM image of graphene.
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Fig. 2. Nitrogen adsorption-desorption isotherm and pore size distribution (insert)
for graphene.

The FT-IR spectrum of graphene was shown in Fig. 3. The strong
peak at 3420 cm™! can be assigned to stretching vibration of OH
groups. The bands at 2920 cm~! and 2360 cm™! are associated
with the stretching of CH, and CH3 groups assigned to methylene
stretch [35]. The bands at 1630 cm ™! and 1410 cm ! are indicative
of the existence of asymmetric and symmetric stretching vibration
of C=0 groups [36], suggesting that the reduction of graphene
oxide is incomplete, this result is supported by the existence of O in
the sample through element analysis. The band at 1100 cm™~! may
be attributed to the appearance of C-N groups originated from the
incomplete reduction of the graphene oxide.

Zeta potential is a physical parameter to quantify the electrical
potential of the solid particle surface. Fig. 4 shows the surface charge
distribution of graphene. The isoelectric point (IEP) of graphene is
5.5 determined by the pH location where zeta potential equals zero.
This indicates that at pH < 5.5 graphene has positive surface charge
and can act as anion exchanger, while at pH > 5.5 the surface charge
of graphene is negative, which benefits for adsorbing cations.

3.2. Adsorption studies

3.2.1. Effect of pH

The pH of adsorption medium is one of the most important
parameters to determine the adsorption property of an adsorbent
due to its effect not only on surface charge of the adsorbent, but
also on the degree of ionization and speciation of adsorbate [37]. At
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Fig. 4. Zeta potential curve versus pH of graphene. The error bar represents the
standard deviations (n = 3).

higher pH phenol can dissociate to form phenolate anions. The
ionization is dependent on the solution pH and the ionic fraction of
phenolate ions, @ions, can be calculated from the equation [38]:

1

1+ ]O(DKrDH)] (2)

Pions =

It is apparent that ¢jons increases with the pH value. The pK, of
phenol is 10, so below this pH phenol is considered a neutral
molecule and above this value is found as anionic species. Fig. 5a
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Fig. 5. Effect of (a) pH and (b) dosage on phenol adsorbed by graphene. The error bar
represents the standard deviations (n = 3).
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Fig. 6. (a) Time effect on phenol adsorbed by graphene, (b) pseudo-first-order, (c) pseudo-second-order, and (d) intraparticle diffusion models. The error bar represents the

standard deviations (n = 3).

shows that at the low pH (<4.0) the adsorption capacity is a little
bit low, this is due to that the surface charge of graphene is positive
and the H* ion concentration in solution is high, therefore
competition between H* and phenol could occur to reduce the
adsorbent-adsorbate interaction. The adsorption capacity at the
pH range from 4.0 to 6.6 is high. This may be due to the functional
groups formed on the surface of graphene which increase their
surface complexation capability [28] and the m-m stacking
interaction between phenol molecules and the surface of graphene
[30]. As pH > 10, phenol dissociates and forms negatively charged
chlorophenolate anions, while the surface charge of graphene is
negative, the electrostatic repulsion between the adsorbent and
adsorbate lowers the adsorption capacity.

3.2.2. Effect of dosage

The effect of adsorbent dosage on the percentage removal and
adsorption capacity of phenol on graphene were shown in Fig. 5b.
As the adsorbent dosage increases from 0.5 to 1.7 g/L, the phenol
percentage removal increases from 28.3 to 63.1%, whereas the
adsorption capacity decreases from 28.3 to 18.6 mg/g. The
increased percentage removal of phenol with increasing graphene
dose could be due to the increased absolute adsorption surface
[39], while the decreased adsorption capacity may be attributed to
that the decreased total surface area of the adsorbent, the
increased diffusion path length of phenol molecules and the
unsaturated adsorption sites caused by the increase in adsorbent
dose at constant phenol concentration and volume [39].

3.3. Adsorption kinetics

The effect of contact time on phenol adsorbed by graphene was
studied and shown in Fig. 6a. It can be seen that the adsorption
amounts of phenol on graphene increases quickly at the initial
stage and then increase further but slowly afterward. The initial
fast adsorption is due to the special one-atom-thick layered
structure of graphene, which makes phenol contact immediately
with the active sites on the surface of graphene. With further
increasing time, the diminishing availability of the remaining
active sites and the decrease in the driving force make it take long
time to reach equilibrium.

To analyze the adsorption kinetics of the phenol, pseudo first-
order [40] and pseudo second-order models [41] were tested.

The pseudo-first-order model is widely used for adsorption
from the liquid phase. Its linearized form can be presented as
follows:

k
log(qe — ) =10gqe — 5355t (3)

where k; is the Lagergren rate constant of adsorption (1/min), ge
(mg/g) and g, (mg/g) are the quantities of the adsorbed phenol at
equilibrium and at time t, respectively.

Plots of log(q. — q;) versus t were shown in Fig. 6b, The values of
ki and g. were determined from the slope and intercept of linear
fitting (Fig. 6a) and listed in Table 1. The lower coefficients of
determination (R? < 0.9738) suggest that the plots of log(ge — q¢)



Table 1
Parameters of the pseudo first-order, pseudo second-order and intra-particle
diffusion models for phenol adsorbed by graphene.

Table 2
Parameters of the Freundlich and Langmuir adsorption isotherm models for phenol
adsorbed by graphene.

Kinetic model Parameters Values T (K) Freundlich Langmuir
20 (mg/L) 60 (mg/L) n ke R? Gmax ke R
Pseudo-first-order ge (Mg/g) 11.74 59.35 285 1.64 3.33 0.9927 27.17 0.0388 0.9961
ky (1/min) x 1073 2.00 35.93 313 1.64 4.77 0.9946 49.51 0.0461 0.9946
R? 0.9738 0.9200 333 1.72 6.47 0.9964 53.19 0.0587 0.9921
Pseudo-second-order de (mg/g) 15.95 51.81
K, (g/(mgmin))x 1073 19.35 0.94
R? 0.9998 0.9949
Intraparticle diffusion ki 295 455 dlecrf‘eased co.ncentratlon gradients make phepol molecule fhffu—
R2 0.9858 0.9975 sion in the micropores of adsorbent take long time, thus leading to
kn 0.09 0.15 a low removal rate. The obvious two steps of the plots as well as
R? 0.9711 0.9989

against t do not give a straight line, and consequently, this indicates
that the adsorption of phenol onto graphene does not fit the
pseudo first-order model.

The pseudo-second-order model can be represented by the
following linear equation:

t 1 t

—_— = — 4
g kage?  qe )

where k is the pseudo second-order rate constant of adsorption (g/
(mg min)). The values of g. and k, were determined from the slope
and intercept of the plots of t/q; against t.

The validity of pseudo second-order model was checked by the
fitted straight line (Fig. 6¢). The corresponding kinetic parameters
and the determination coefficients were summarized in Table 1.
The high coefficients of determination (R?) and similarity between
the experimental capacities at equilibrium and the calculated
capacities from the model indicate that the pseudo second-order
model fits the experimental data quite well.

For a solid liquid adsorption process, to analyze the rate
controlling steps such as mass transport and chemical reaction
processes is very beneficial for elaborating the adsorption
mechanism. The adsorption reaction is usually divided into the
following steps [42]: (1) transport of solute ions from the boundary
film to the external surface of the biosorbent (film diffusion); (2)
transfer of ions from the surface to the intraparticular active sites
(particle diffusion); (3) adsorption of ions by the active sites of
adsorbent. Weber and Morris model is a widely used intraparticle
diffusion model to predict the rate controlling step [43]. The rate
constants of intraparticle diffusion (kig) at the stage i were
determined using the following equation:

q; = kiat'? + C; (5)

where g, is the amount adsorbed phenol at time t, t'/? is the square
root of the time, C; is the intercept at stage i. The value of C; is
related to the thickness of the boundary layer. The larger C;
represents the greater effect of the boundary layer on ion
diffusion. The plots of g, versus t'/? at different initial phenol
concentrations show multilinearity characterizations (Fig. 6d),
indicating that two steps occurred in the adsorption process. The
intraparticle diffusion parameters and the determination coeffi-
cients were summarized in Table 1. The first sharp section is the
external surface adsorption or instantaneous adsorption stage.
The second subdued portion is the gradual adsorption stage,
where intraparticle diffusion is rate-controlled [44]. The larger
slopes of the first sharp sections indicate that the rate of phenol
removal is higher in the beginning stage due to the instantaneous
availability of large surface area and active adsorption sites. The
lower slopes of the second subdued portion are due to that the

their deviation from the origin suggests that the intraparticle
diffusion is not the only rate controlling step for the adsorption of
phenol onto graphene [45].

3.4. Adsorption isotherms

Adsorption isotherms can be generated based on Freundlich
and Langmuir models. The Freundlich equation [46] is an empirical
equation based on adsorption on a heterogeneous surface. The
equation is commonly represented by:

Ing, :lnkar%lnce (6)

where kr and n are the Freundlich constants characteristics of the
system, indicating the adsorption capacity and the adsorption
intensity, respectively. From the slope and intercept of straight
portion of the linear plot obtained by plotting In g. against In Ce,
the values of Freundlich parameters were calculated and listed in
Table 2.

The Langmuir model supposes that uptake of metal ions occurs
on a homogenous surface by monolayer adsorption without any
interaction between adsorbed ions, with homogeneous binding
sites, equivalent sorption energies, and no interaction between
adsorbed species. Its mathematical form is written as [47]:

Cc Ce 1

qe Imax M qmaka (7)
where (max is the maximum adsorption capacity corresponding to
complete monolayer coverage (mg/g) and k; is a constant
indirectly related to adsorption capacity and energy of adsorption
(L/mg), which characterizes the affinity of the adsorbate with the
adsorbent. A straight line is obtained when C./q. was plotted
against C. and gmax and ki could be calculated from the slopes and
intercepts (Table 2)

As seen from the table, the high correlation coefficients
(>0.9921) of both equations are considerably well obtained at
all temperatures, indicating that both isotherms fit the experi-
mental adsorption data well. The higher values of kg indicate that
graphene has a higher adsorption capacity and affinity for phenol,
especially at 333 K. The n values are greater than unity, indicating
that the adsorption is favorably adsorbed by graphene at all
temperatures studied. [48].

The values of gmix determined from Langmuir equation
increases from 27.17 to 53.19 mg/g as temperature increases
from 285 to 333 K, it is higher than that of multiwalled carbon
nanotubes (14.41 mg/g) [49], suggesting that graphene is a
promising adsorbent to remove phenol from aqueous solutions.

3.5. Adsorption thermodynamic study

Temperature effect on adsorption of phenol on graphene was
carried out at three different temperatures, i.e., 285,313 and 333 K
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and shown in Fig. 7a. The results show that the equilibrium
adsorption capacity of phenol increases with the increase in
temperature from 285 to 333 K. Increasing adsorption capacities
with increasing temperature indicates that the adsorption of
phenol is controlled by an endothermic reaction.

In adsorption reaction thermodynamic parameters are used to
judge whether the reaction occurs spontaneously or not. Thermo-
dynamic parameters can be calculated from the variation of the
thermodynamic equilibrium constant K, with the change in
temperature [15]. For adsorption reactions, Ko is defined as
follows:

aS US C‘S
o=a ®
where as is the activity of adsorbed phenol, a. is the activity of
phenol in solution at equilibrium, Cs is the amount of phenol
adsorbed by per mass of graphene (mmol/g), vs is the activity
coefficient of the adsorbed phenol and v, is the activity coefficient
of phenol in solution. As phenol concentration in the solution
decreases and approaches zero, K, can be obtained by plotting
In(Cs/Ce) versus C; and extrapolating Cs to zero (Fig. 7b) [15]. A
linear regression analysis finds that the straight line fits the data
well, the values of Ky are obtained from the straight line intercept
with the vertical axis. The calculated values of Ky are 1.02, 1.24, and
1.62 at temperatures of 285, 313, and 333 K, respectively (Table 3).

Table 3
Thermodynamic parameters for phenol adsorbed by graphene.

Thermodynamic constant Temperature (K)

285 313 333
Ko 1.03 124 1.62
AG® (cal/mol) ~48.80 ~133.78 -319.21
AH° (cal/mol) 1817.40 1817.40 1817.40
AS® (cal/(mol K)) 6.21 6.23 6.42

The average standard enthalpy change (AH°) is obtained from
Van't Hoof equation:

—AH° /1 1
InKo(T2) ~ InKo(Ty) =" (1.~ 7. (9)
where T3 and T; are two different temperatures. The calculated
value of AH° is 1064.54 cal/mol.

The adsorption standard free energy changes (AG°) can be
calculated according to:

AG® = —RTInK, (10)

where R is the universal gas constant (1.987 cal/(K mol)) and T is
the temperature in Kelvin. The standard entropy change (AS°) can
be obtained by:
As - AC AR (11)
T

The thermodynamic parameters were listed in Table 3. The
obtained values of AG® are —48.80, —133.78, and —319.21 cal/mol
at temperatures of 285, 313, and 333 K, respectively. The negative
values of AG° at three tested temperatures reveal that the
adsorption is spontaneous process. It is reported [50] that a more
negative AG° means a greater driving force of adsorption, resulting
in a higher adsorption capacity. The higher negative value of AG° at
333 K than that at 285K indicates that that adsorption is more
spontaneous at high temperature. The positive values of AH°
suggests that the interaction of phenol adsorbed by graphene is
endothermic process, The positive values of AS° indicate increased
randomness at the adsorbent/solution interface during the
adsorption of phenol onto graphene [51].

4. Conclusions

Graphene was prepared using a modified Hummers’ method.
The BET characterization showed that the specific surface area,
pore volume, and pore diameter of graphene were 305.78 m?/g,
0.33 cm?/g, and 3.63 nm, respectively. The solution pH played a
significant role in influencing the adsorption capacity of graphene
toward phenol molecules. The percent removal of phenol increased
with the adsorbent dosage from 0.2 to 1.7 g/L and the adsorption
capacity reached the maximum value of 28.26 mg/g at the dosage
of 0.5 g/L. The pseudo second-order equation provided the better
correlation for the adsorption data. The adsorption isotherm data
were well fitted by both Freundlich and Langmuir models.
Thermodynamic study showed that adsorption of phenol onto
graphene was endothermic and spontaneous process.
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