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ABSTRACT

The template-synthesized mesoporous carbon (TSMC) was prepared by nano-casting approach
using KIT-6 as the template, sucrose as the carbon precursor, subsequently carbonized at the tem-
perature of 900°C and then removal of the template. Phenol and p-chlorophenol were selected as the
objectives to research the adsorption ability of the TSMC towards phenols. The effects of adsorbent
dosage, pH, contact time, initial concentration and temperature were investigated using a batch tech-
nique. The results showed that the TSMC had significant adsorption capacity on phenol (21.13 mg/g)
and p-chlorophenol (44.111 mg/g) under the optimum conditions: the dosage of 0.2 g and 0.1 g for
phenol and p-cholorophenol, the initial pH 6.80 and 6.70 for phenol and p-chlorophenol, respectively,
the equilibrium time of 120 min, the solution concentration of 100 mg/L and the adsorption tempera-
ture of 30°C. The adsorption kinetic studies demonstrated that the adsorption of phenols followed
pseudo-second-order kinetic model. The best-fitted adsorption isotherm model was well fit using the
Langmuir isotherm model. Besides, the thermodynamic parameters indicated that the adsorption
process was spontaneous and endothermic. The n-r interaction, the hydrophobic interaction, the
molecular dimensions, H-bonding and Electrostatic interaction were the possible mechanisms for

phenols removal.
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1. Introduction

Phenols, as a result of various industrial activities such
as pesticides, refineries, disinfectants, paints, plastics, drugs
and wood preservatives plants [1-3] have been discharged
into the environment. More seriously, phenols also endan-
ger human health by food chain accumulation due to their
high toxicity, mutagenicity, carcinogenicity and resistance
to biodegradation [4]. Hence, in order to protect environ-
ment and human health, it is essential to study the rational
and efficient treatment of phenols.

Various methods like biological (activated sludge
method and MBR), physical (solvent extraction, membrane
filtration and adsorption) and chemical (photo-catalytic
degradation, advanced oxidation and electrochemical oxi-
dation) technologies have been developed to apply for the
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remove of phenols from wastewater [5-7]. Among these
techniques, adsorption is a simple, effective and time-sav-
ing technology for the removal of pollutants, in which the
key factor is the exploitation of simplicity, efficiency and
economy adsorbents.

In recent years, various materials have been employed
by many researchers for the removal of phenolic com-
pounds from wastewater as shown in Table 1 along with
the values obtained in the present study [8-16]. Compared
to the different adsorbents, the mesoporous carbons which
possess a large specific surface area, accessible porosity,
chemical inertness and good mechanical stability, gradu-
ally have attracted the global interest for and applications
[17,18]. The mesoporous carbons possess pore size between
2.0 nm and 50 nm. However, the adsorption behavior of
the mesoporous carbons for small molecular size organic
pollutants, such as phenol and p-chlorophenol are often
hindered due to the overlarge pore size. Therefore, the
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Table 1
Comparison of the adsorption capacity for the phenols onto various materials
Adsorbent Adsorbate Adsorption conditions C, q, Reference
(adsorbent dose, contact (mg/L) (mg/g)
time temperature, pH)
Hydroxyapatite nanopowders Phenol 4¢g/L,4h,20°C, pHo64 100 6.47 [8]
Organoclay p-chlorophenol 30g/L,1h,23°C, pH 5.0 100 12.09 [9]
Chitosan-calcium alginate blended Phenol, p-chlorophenol  1g/L,4h, 25°C, pH 7.0 100 71.40,50.80  [10]

beads

Schizophyllum commune fungus phenol, p-chlorophenol

Cu-nano zeolite 2-chlorophenol
Diethylenetriamine-modified Phenol

activated carbon
Biosorbent (CS/CA blended beads) p-chlorophenol

Bioadsorbent Phenol, 2-chlorophenol ,
and 4- chlorophenol
Biosorbent Phenol, 2-chlorophenol

and 4- chlorophenol
Template-synthesized mesoporous Phenol
carbon
Template-synthesized mesoporous p-chlorophenol
carbon

2¢/L,3h,25+2°C,pH5.0 100

42.00,48.00 [11]

4g/1,25h,20+1°C,pH 6.0 100 49.02 [12]
2-10g/L, 1-4 h, pH 3.0-11.0 100-200 18.12 [13]
04g/L, pH70 50-300 127 [14]
0.05 to 0.8 g, 120 min, pH 6.0 50-200  142.85, [15]
204.08, 263.15
4g/L,4h,pH70 100-400 94.33,147.05, [16]
181.81
4g/1,2h,30°C,pH6.80 100 2113 This study
2g/L,2h,30°C,pH 670 100 4411 This study

suitable pore size of the mesoporous carbon is essential. A
number of reviews and perspective articles have demon-
strated about the adsorption of phenols by the mesoporous
carbons. Thus, Wei Teng et al. have employed ordered
mesoporous carbons with pore size (2.6-3.8) nm prepared
from the surfactant-templating method to remove contami-
nants [19]. In another study, Aibing Chen have investigated
mesoporous carbonaceous materials with a uniform pore
size 5.1 nm prepared from used cigarette filters for phenol
adsorption, as well as exhibiting a considerable adsorption
capacity [20]. Jianwei Fan et al. have been synthesized the
ordered mesoporous carbonaceous materials with unique
mesoporous size from 2.8 to 5.8 nm by the organic-organic
self-assembly method with phenolic resin and F127 to
remove Hexchlorobenzene [21].

Jie Yang et al. investigated that the mesoporous carbons
from waste polyester possess an average pore width of 3.66
nm was beneficial for the adsorption of phenol [22]. In addi-
tion to, the functionalization of mesoporous carbonaceous
materials (N-Fe/OMC) with pore size 3.8 nm were applied
to remove phenol by Yang et al. [23]. The hollow meso-
porous carbon spheres (HMCSs) with uniform mesoporous
size (4.1 nm) exhibit a greater capacity for phenol adsorp-
tion [24]. Therefore, the small pore size mesoporous carbons
seem to be more attractive candidates as adsorption materi-
als for phenols. And the template-synthesized mesoporous
carbon is relatively promising material, owing to its narrow
pore size distribution and regulable pore structure [25].

So far as, the template method has been widely used to
prepare various mesoporous carbons. There are three stages
in the synthesis of the mesoporous carbon [18]: (1) the infil-
tration of the pores of the template with appropriate carbon
precursor, (2) the carbonization of the carbon precursor, (3)
the template removal. Thus, the pore size distributions and
topology of pores of the prepared carbon material can be

controlled by the pore structure of the template. Obviously,
it is the key to choose the suitable template. Many kinds
of templates could be applied in studies, such as SBA, KIT,
HMS, MCM, various types of zeolites, clay, and attapulgite
and so on [26,27]. In particular, the mesoporous silica tem-
plated KIT-6 consists of two interwoven mesoporous sub-
networks with a right pore diameter, are more attractive for
adsorption phenols [28].

In this paper, the template-synthesized mesoporous
carbon(TSMC) was synthesized using KIT-6 as a template,
sucrose as a carbon precursor. In addition to, the TSMC
materials were characterized by means of BET, XRD and
TEM, which showed that the sample was a worm-like dis-
orderly mesoporous structure. To research adsorption abili-
ties of mesoporous carbon towards phenols for developing
the high-performance adsorbent, we have selected phenol
and p-chlorophenol as the objectives. Batch adsorption
experiments were systematically performed to study effect
of adsorbent dosage, pH, contact time, initial concentra-
tion and temperature. Furthermore, we also evaluated the
adsorption kinetics, the adsorption equilibrium isotherms,
the adsorption thermodynamics and the adsorption mech-
anism.

2. Materials and methods
2.1. Materials

The KIT-6 and sucrose were purchased from College
of Chemistry and Chemical Engineering, Bohai University.
The phenol was purchased from Chemical reagent corpo-
ration (Tianjin, China). The p-chlorophenol was purchased
from J&K Scientific Co., LTD (Beijing, China). HCI, H,SO,,
NaOH HF (10%) were purchased from Chemical reagent
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corporation (Tianjin, China). Deionized water was used in
all experiments. All the chemicals were A.R. grade and used
without further purification.

2.2. Synthesis of the template-synthesized mesoporous carbon

The template-synthesized mesoporous carbon was pre-
pared as follows: Firstly, 2.0 g of KIT-6 was dissolved in 10
kg of Deionized water. Secondly, 2.5 g of sucrose and 0.28
g of sulfuric acid were added into the KIT-6 solution under
stirring. All of the operations were performed at room tem-
perature (20+2°C). After stirring for 24 h, then dried at 80°C
for 4 h and 140°C for 6 h, respectively. Next, the obtained
product was mixed with aqueous solution (1.5 g sucrose/10
g H,0/0.16 g H,SO,) once again, and repeated the above
process. The composite was calcined in N, atmosphere by
slowly increasing 900°C for 4 h. Subsequently, the sample
was dipped into HF (10 wt%) aqueous solution at room
temperature for 24 h for twice to remove the silica matrix,
washed with 500 mL of deionized water until the neutral
pH and dried in air. Finally, the black and powder meso-
porous carbon was denoted as the TSMC.

2.3. Characterization of the TSMC

X-ray diffraction (XRD) patterns of the TSMC were
characterized by Powered X-ray diffractometer (XRD-6000,
Japan) using CuKo (A = 0.15425 nm) radiation operating at
40 kV and 30 mA with a scanning rate of 0.2°/s over the
range of 0.6°-8°. Meanwhile, the crystal structures of the
adsorbate were recorded in the range of 26 from 5° to 70°.
Transmission electron microscopy (TEM) measurements
were conducted on a FEI F20 microscope (USA) operated
at 200 kV, revealing the morphology and size of the TSMC.
Before the characterization, the sample was dissolved
in 20 mL ethanol solution and scattered ultrasonic for 30
min at room temperature. Then, the dispersion solution
was covered on the carbon surface of copper net until the
sample was desiccated. Surface area and pore analyses
were performed using a Micromeritics ASAP 2020 system.
The specific surface area was calculated from the desorp-
tion datas using the conventional Brunauer-Emmett-Teller
(BET) method. The total pore volume was measured from
the amount of N, adsorbed at a relative pressure of 0.99.
The mesoporous volume, pore size distribution and pore
diameter were estimated from the desorption branch of the
isotherm using the Barrett-Joyner-Halenda (BJH) method.
Before the TSMC determined by the N, adsorption/desorp-
tion isotherm at —196°C, the prepared sample was degassed
at 80°C for 3 h until the mass attained a constant value. The
surface functional groups on the TSMC were identified
using a Fourier transform infrared spectrometer (NICOLET
i510, America) in the range of 4000-400 cm™. The sample
was prepared by the KBr method.

2.4. Adsorption experiments

The adsorption behaviors of the phenol and p-chloro-
phenol on the TSMC were measured according to the fol-
lowing procedure. Typically, 0.2 g and 0.1 g mesoporous
carbon were introduced into flasks containing 50 mL of 100

mg/L phenol and p-chlorophenol solutions, respectively,
which were then shaken (180 rpm) for 2 h at initial pH and
30°C, respectively. After mixing, the solutions were filtered
and analyzed using a UV spectrophotometer at a maximum
wavelength of 270 nm for phenol and 280 nm for p-chlo-
rophenol, respectively. At the same time, the effects of
adsorbent dosage, the solution pH, contact time, initial con-
centration and contact temperature were investigated. The
phenol or p-chlorophenol uptake at equilibrium g, (mg/g)
and the percentage of removal (%) were calculated by the
following equations:

Remove(%) = S07C% %100 1)
C

e

ExV 2

where ¢, and ¢, (mg/L) are the initial and equilibrium con-
centration, respectively. V (mL) is the volume of the solu-
tion, and m (g) is the adsorbent dosage.

2.5. Regeneration experiments

Regeneration experiments for the TSMC were con-
ducted as followings: (1) 0.2 g and 0.1 g of TSMC were put
into 50 mL phenol (100 mg/L) and p-chlorophenol (100
mg/L), respectively, to adsorb phenols at 30°C for 120 min.
(2) TSMC, which had adsorbed phenol and p-chlorophenol,
were placed in ethanol with agitation about 4 h, respec-
tively. And then, the filtrate was analyzed by UV /vis spec-
troscopy at a wavelength of 270 and 280 nm, respectively.
(3) TSMC were washed with deionized water until neutral,
followed by oven drying at 30°C and then used for the
adsorption-desorption cycles. The procedure was repeated
three times to study the sustainability of the TSMC.

3. Result and discussion

3.1. Characterization of the template-synthesized mesoporous
carbon

To investigate the structure of the TSMC, the XRD pro-
files of the materials obtained in the small range are pre-
sented in Fig. 1, and the corresponding the wide-angle XRD
pattern was inset. As can be seen from Fig. 1, the XRD pat-
tern of TSMC reveals a peak which is not obvious at 26=1°
corresponding to the plane (211). Besides, the inset in Fig.
1 shows the wide-angle XRD pattern of the present materi-
als at diffraction angles between 5 and 70°. The two broad
peaks located at around 26.622° and 43.981° are referred
to the characteristic carbon (002) and (100) diffractions,
respectively, indicating the presence of long-range two-di-
mensional ordering in the carbon matrices [29]. Obvious
distinction in the full width at half maximum (FWHM) of
the (002) and (100) reflections implies the different crystal-
lite sizes of the sample [30]. This is in agreement with a dis-
order structure of amorphous carbons.

In order to visualize the surface morphology of the
TSMC, the transmission electron micrograph of the mate-
rials is shown in Fig. 2. It could be seen that the images
of the TSMC show a less ordered mesoporous structure,
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Fig. 1. The low-angle XRD pattern of the TSMC and the wide-an-
gle XRD pattern of the TSMC (the insert).

which might be attributed to incompletely carbonization of
polymerization sucrose [31]. As shown in Fig. 24, it could
be seen that the TSMC presents a worm-like disorderly pore
structure, which is consistent with the results of the low
angle XRD pattern. Besides, another phenomenon noted is
that narrow slit-like pores are formed by the layered struc-
ture in Fig. 2B.

The porosity properties of the TSMC are revealed by
examining the N, adsorption-desorption isotherms and
pore size distributions. In Fig. 3 it is noted that the isotherm
rises very sharply at low relative pressure, and reaches a
high adsorption volume. It also can be showed a type-IV
curve with a H,-type hysteresis loop at high relative pres-
sure according to the IUPAC classification, indicating that
the slit-like pores are formed by the TSMC. During the car-
bonization, the sucrose lost most of its hydrogen, oxygen
and few carbon elements in the form of gaseous evolution,
thus more mesoporous were formed in the TSMC as shown
in TEM morphology. In addition, the pore size distributions
curve calculated from desorption branches by BJH model
clearly confirm their narrow pore size of the maximum
peak centered at about 3.8 nm (see the insert). The textural
parameters of the TSMC are also calculated according to the
isotherms of the sample. In detail, the TSMC reveals the sur-
face area of 398.7667 m?/g (BET surface area), the pore vol-
ume of 0.078128 cm®/g and the pore size of 4.1350 nm (BJH
Desorption average pore diameter (4V/A)). These results
demonstrate that the TSMC exhibits hierarchical porous
texture consisting of mesoporous acting as the more effi-
cient adsorptive sites or charge storage. In this architecture,
the TSMC is expected to provide favorable performance in
adsorption of phenol and p-chlorophenol.

The FT-IR spectrum was used to characterize the exis-
tence of the surface functional groups of the TSMC. Fig. 4
shows the FT-IR spectra of the TSMC. A broad band at
around 3430 cm™ is observed in the sample, which may
be caused by the -OH stretching vibration of the adsorbed
water molecules. The band appeared at 1618 cm™ is caused
by the stretching vibration of the C=C double band. In addi-
tion, the C-O stretching vibration can be found around 1062
cm™. These results confirm that the enriched functional

Fig. 2. TEM images of the TSMC, A (20 nm) and B (100 nm).
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Fig. 4. The FT-IR spectrum of the TSMC.

groups of TSMC will make a contribution to the adsorption
capacity for the phenols onto the TSMC. And the similar
FT-IR results were also reported by Lang et al. [31].

3.2. Effect of adsorbent dosage

Influence of adsorbent dosage on removal degree
of phenol and p-chlorophenol presented in Fig. 5. Simi-
lar trend for phenol and p-chlorophenol is noticed. It is
observed from Fig. 5A, the percentage removal of phenol
increases from 70.16 to 90.89% while the adsorption capac-
ity decreases from 35.07 to 15.15 mg/g as the dosage of the
TSMC increases from 0.10 to 0.30 g. And from Fig. 5B, it also
can be found that the removal of p-chlorophenol increases
from 31.31 to 90.41%, but the adsorption capacity decreases
from 78.29 to 30.14 mg/g with the adsorbent loading up
from 0.02 to 0.15 g. This phenomenon is partly because of
the availability of larger surface area and more adsorption
sites increasing with the adsorbent dosage, resulting in a
higher removal percentage [3]. However, when the adsor-
bent dosage is over 0.3 g (phenol) and 0.15 g (p-chlorophe-
nol), respectively, the removal percentage of phenol and
p-chlorophenol rise only slightly, which clearly show the
adsorption process reaching the saturated state.

From Fig. 5 it also can be found that the TSMC exhib-
its more specific adsorption ability for p-chlorophenol than
phenol. Besides many functional groups with the meso-
porous carbon according to the FT-IR characterization of the
TSMC, nucleophilic Cl atom of p-chlorophenol may play a
very important role during the adsorption process. Cl, O
and H atoms of p-chlorophenol can be also form hydrogen
bonding with functional groups of the TSMC. Therefore,
there are large amount of p-chlorophenols on the surface
of mesoporous carbon. However, as for phenol, the sole
hydroxyl can been formed between phenol and the meso-
porous carbon; Besides, the attraction from water molecules
to phenol molecules is stronger than p-chlorophenol mol-
ecules because of the more hydrophilic of phenol, which
result in that phenol has higher the adsorption capacity
onto the TSMC than p-chlorophenol [32].
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Fig. 5. Effect of the TSMC dosage on the adsorption of (A) phenol
and (B) p-chlorophenol (a: The adsorption capacity g, (mg/g),
b: The removal rate (%), ¢,: 100 mg/L, V: 50 mL, Temperature:
30°C, Contact time: 2 h, The initial pH 6.80 and 6.70 for phenol
and p-chlorophenol, respectively).

3.3. Effect of the solution pH

The pH value of the solution is an important factor during
the adsorption process, which can affect the structure the
properties of both adsorbent and adsorbate [33,34]. The sur-
face charge of the mesoporous carbon depends on the solution
pH and its pH,,,. In general, the mesoporous carbon surface
is positively charged at pH < pH,,. and negatively charged at
pH >pH,, . The adsorbate is mainly in protonated form at pH
< pKa and in deprotonated form at pH > pKa.

Fig. 6 shows the effect of pH on the adsorption capacity
of phenol and p-chlorophenol onto the TSMC. With increas-
ing the values of pH, the adsorption capacity of phenols
onto the TSMC do not change obviously at first. But when
the value of pH exceeds 10.0 for phenol and 8.0 for p-chlo-
rophenol, respectively, the adsorption capacity of phenols
onto the TSMC sharply decrease. This behavior seems to
be related to the pKa values of phenol and p-chlorophenol
at 30°C are 9.89 and 9.41, respectively [35,36]. When the
pH value of solution goes below the pKa value of phenols,
phenols chiefly exist as molecules.
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Fig. 6. Effect of pH on the adsorption of (a) phenol and (b)
p-chlorophenol (c,: 100 mg/L, V: 50 mL, Temperature: 30°C,
Contact time: 2 h, Adsorbent dosage: 0.2 g for phenol, 0.1 g for
p-chlorophenol, respectively).

Therefore, phenols effectively adsorbed onto the mes-
oporous carbon are molecules not phenolate anions. Thus,
the molecular interactions including hydrogen bonding,
hydrophobic interaction and Vander Waals forces are the
possible factors for the adsorption of phenols onto the
TSMC, especially the hydrogen bonding (According to the
effect of adsorbent dosage). At pH > pKa, phenols chiefly
exist as negative phenolate ions and the mesoporous carbon
surface is negatively charged. Electrostatic repulsion force
exists between the phenols and the mesoporous carbon sur-
face.

With the increase of pH values up to 10.0, the phenols
are dissociated to a higher degree and the mesoporous car-
bon surface is charged more negatively, and thus the electro-
static repulsion force occurs between them. Moreover, this
effect also appears between the adsorbed phenolic anions
(CH,O for phenol and C6H4O*2, CHOCI , CH,O for
p-chlorophenol, respectively) [37]. In addition, the dissocia-
tion of phenols also leads to a weakness of affinity between
phenols and the surface of the TSMC [38].

3.4. Effect of the contact time and the kinetic study

In wastewater treatment applications, the contact time is
an important parameter to determine whether the adsorp-
tion process reaches balance. Fig. 7 depicts the effect of con-
tact time on the removal of phenols onto the TSMC. At the
beginning, the curves rise sharply because the adsorption
sites are initially abundant, and phenols are easily adsorbed
on these sites. Additionally, the diffusion resistance is
reduced to a large extent due to the open pore structure of
the mesoporous carbon [39].

Eventually, a plateau reaches in the curves indicating
that the adsorbent is saturated. This result is partly due to
the fact that a number of available vacant adsorbent sites
reduce with increasing contact time. As shown in Fig. 7,
the phenols onto the TSMC exhibit different initial adsorp-
tion rates, which may be due to the molecular the widest
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Fig. 7. Effect of the contact time on the adsorption of (a) phenol
and (b) p-chlorophenol (C: 100 mg/L, V: 50 mL, Temperature:
30°C, Adsorbent dosage: 0.2 g for phenol, 0.1 g for p-chlorophe-
nol, The initial pH 6.80 and 6.70 for phenol and p-chlorophenol,
respectively).

molecular dimension. It was reported by authors that the
molecular sizes of phenol and p-chlorophenol are 5.76 x
4.17(A) and 6.47 x 4.17(A), respectively [40]. Obviously,
the p-chlorophenol has a larger widest dimension than
phenol. The results are more consistent with the observa-
tions of other authors [41].

3.4.1. Adsorption kinetics study

The adsorption kinetic, which dictates residence time of
the adsorption process, is one of the most important tools
to assess the adsorption efficiency [42]. In order to explain
the phenols adsorption mechanism onto the mesoporous
carbon, adsorption kinetic studies are tested by the pseu-
do-first-order, pseudo-second-order, and intra-particle dif-
fusion model in Fig. 8, and the kinetic parameters including
the experimental and calculated adsorption capacity (g,) are
listed in Table 2. The pseudo-first-order model is given by
the following equation [43]:

In(g, —q,)=Ing, —kt 3)

where k, (1/min) is the pseudo-first-order rate constant,
g, (mg/g) and g, (mg/g) are the adsorption capacity of the
adsorbent at equilibrium and at time t, respectively.

The pseudo-second order model is defined as the fol-
lowing equation [44]:

t 1

Lol 4)
g kod;

where k, (g/mg/min) is the pseudo-second-order rate con-
stant.

The adsorption process of the adsorbate molecules from
the liquid phase onto the adsorbent surface is presumed to
involve three stages: (1) the external boundary layer diffu-
sion process, (2) intra-particle diffusion within the pores of
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Fig. 8. Adsorption kinetic models of (a) phenol and (b) p-chlo-
rophenol onto the TSMC A) the pseudo-first-order, B) the pseu-
do-second-order, C) the intra-particle diffusion model.

the adsorbent, (3) adsorption and desorption equilibrium
process. The intra-particle diffusion model is represented
by the following equation [45]:

1
g =kt?+C ®)

Table 2
Kinetic parameters for phenols adsorption onto the TSMC

Kinetic type Kinetic Phenol p-chlorophenol
parameters
Pseudo-first- k, (1/min) 0.0223  0.0225
order g, . (Mg/g) 5595  25.068
R? 0872 0934
Pseudo-second- k, (g/mg/min) 0.0163  0.002
order q, o (Mg/g) 22168  43.668
Dy exp (mg/g) 21.126 44111
R? 09998  0.997
Intraparticle C (mg/g) 15.842 12.613
diffusion k,(g/mg/min"?) 0.689  3.266
R? 0958  0.898

where k, (g/mg/min'/?) is the intra-particle diffusion rate
constant and C (mg/g) is a constant related to the bounding
layer thickness [46].

As shown in Table 2, the pseudo-first-order model
gives poor fitting with low R* values and notable vari-
ances between the experimental and theoretical uptakes.
However, for the second-order-kinetic model, the R? values
(0.9998 for phenol, 0.9973 for p-chlorophenol) are close to
unity. Moreover, the similar values of experimental and
calculated values of g, (22.1680 mg/g for phenol, 43.6681
mg/g for p-chlorophenol) confirms a good agreement with
this adsorption model. Therefore, the adsorption of phenols
onto the mesoporous carbon fit with utmost accuracy the
pseudo-second order model.

The curve-fitting plots of intra-particle diffusion model
are demonstrated in Fig. 8C. It can be seen that the simi-
lar adsorption kinetic study for phenol and p-chlorophenol
onto the TSMC, and the adsorption process can be divided
into three sequential stages: a sharp rise stage, a less-sharp
rise stage and a plateau stage. The initial sharp rise portion
represents the external layer diffusion process restricted
mainly by the pore structure of the mesoporous carbon;
during the following less-sharp rise stage, the intra-parti-
cle diffusion is retarded mainly by the formerly adsorbed
molecule process; the plateau portion corresponds to the
final equilibrium process [45]. Moreover, the values of the
intercept C (15.8423 mg/g for phenol, 12.6129 mg/g for
p-chlorophenol, respectively) are not the zero point, which
shows that the adsorption rate-controlling step is not only
the intra-particle diffusion [5].

3.5. Effect of initial concentration and the isotherm study

In order to determine the effect of initial concentration
on the adsorption of phenols on the mesoporous carbon,
the solution with various initial concentrations (20—400
mg/L) were prepared. The results are shown in Fig. 9. The
equilibrium adsorption capacity of phenols onto the TSMC
rise sharply with initial concentration range from 10 to 160
mg/L, because the initial phenols concentration provides an
important driving force to overcome all mass transfer resis-
tances between the aqueous and solid phases [8]. However,
when the initial concentration varies from 160 to 400 mg/L,
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Fig. 9. Effect of the initial concentration on the adsorption of (a)
phenol and (b) p-chlorophenol (V: 50 mL, Temperature: 30°C,
Adsorbent dosage: 0.2 g for phenol, 0.1 g for p-chlorophenol,
The initial pH 6.80 and 6.70 for phenol and p-chlorophenol, re-
spectively).

g, values increase more slowly and reach a plateau. This may
be due to the increasing of mesoporous diffusivities [47]. In
detail, as the initial adsorbate concentration in bulk increases,
phenols diffusion of the mesoporous is gradually dominated,
and boundary layer diffusion of phenols is weaken [48].
From Fig. 9 it is observed that p-chlorophenol onto the TSMC
demonstrates higher adsorption capacity than phenol at the
initial concentration of 20-400 mg/L. This behavior is partly
due to the molecular size of phenol being smaller than the
p-chlorophenol’s. Similar results were reported by Liu et al.,
implying that only a small part of the mesoporous adsorb
phenol, but as for substituted phenols, the phenomenon of
adsorption is more evident [41].

3.5.1. Adsorption equilibrium isotherm study

The adsorption isotherm studies are very important for
the optimization of the adsorption system. In this study,
four classical adsorption isotherm models: Langmuir [49],
Freundlich [50], Dubinin-Radushkevich (D-R) [51] and
Temkin isotherms [52] are employed to describe the equilib-
rium data of phenols adsorption on the mesoporous carbon.

The Langmuir isotherm model is valid for monolayer
adsorption onto the homogenous surface [53]. The Lang-
muir model isotherm equation can be expressed as follows:

C_6 1 (6)

qe Qm KLQm

where ¢, (mg/L) is the equilibrium concentration of
phenols in the liquid phase, q, (mg/g) is the adsorption
capacity of the adsorbent at equilibrium, Q  (mg/g) is the
maximum adsorption capacity corresponding to complete
monolayer converge, and K, (L/mg) is Langmuir constant
related to the affinity of the binding sites. R, an equilib-
rium parameter can express the essential characteristics
of the Langmuir isotherm model, which is defined by the
following formula [54]:

1
" 1+Ke,

@)

where C, (mg/L) is the highest initial phenol concentration,
the value of R, indicates the adsorption nature to be either
irreversible adsorption (R, = 0), favorable adsorption (0 < R,
< 1), linear adsorption (R, = 1) or unfavorable adsorption
(R, >1).

The Freundlich isotherm model is suitable for multi-
layer adsorption and heterogeneous surfaces, which can be
written as:

lan:Ian+llncE 8)
n

where K, is the Freundlich constant related to the adsorp-
tion capacity, and n is the constant related to the adsorption
intensity.

The Dubinin-Radushkevich (D-R) isotherm is applied
to show the nature of sorption process, physical or chemi-
cal. The equation can be represented as follows:

In 9. = In G — BSZ (9)

e= RTln(1+cl) (10)

e

E=ﬁ (1)

where g, (mg/g) is the maximum adsorption capacity,
(mol?/KJ?) is the activity coefficient related to mean adsorp-
tion energy, ¢ is the Polanyi potential, R (8.314 J]/K/mol) is
the universal gas constant, T (K) is the adsorptive Kelvin
temperature and E (kJ/mol) is the adsorption free energy.

The Temkin isotherm model contains a factor that

explicitly takes into account the adsorbent-adsorbate inter-
actions, which provides important information for phenols
adsorption onto the mesoporous carbon. The Temkin iso-
therm model can be defined according to the following for-
mula:
g, =B, InK,; + B, Inc, (12)
where K, (mg/L) is the equilibrium binding constant cor-
responding to the maximum binding energy, B, = RT/b (J/
mol) is the Temkin constant related to the heat of sorption, b
(J/mol) is related to the heat of adsorption.

Fig. 10 shows the adsorption isotherm models of phe-
nols on the mesoporous carbon. The parameters of the
adsorption isotherm models are given in Table 3. It can
be seen that the Langmuir isotherm model (R*= 0.975 for
phenol, R? = 0.996 for p-chlorophenol) gives the best fit-
ting among adsorption isotherm models, which indicates
that the adsorption of phenols may attribute to monolayer
adsorption onto the homogenous surface. The separation
factor values in this study are between 0 and 1, indicating
that the adsorption behavior of phenols on the mesoporous
carbon is favorable. Additionally, the R, of p-chlorophenol
(0.0391) is closer to 0 than phenol” s (0.0810), which agrees
well with this study results.
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Fig. 10. The adsorption isotherms models of (a) phenol and (b) p-chlorophenol onto the TSMC A) Langmuir, B) Freundlich, C) Du-

binin-Radushkevich, D) Temkin isotherms.

Table 3

Isotherm parameters for phenols adsorption onto the TSMC

Isotherm type Isotherm Phenol  p-chlorophenol
parameters

Langmuir Q,, (mg/g) 62.035 92.937
K, (L/mg) 0.0284 0.0614
R? 0975 0.996
R, 0.0810 0.0391

Freundlich K, 4110 12.237
n 1913 2.461
R? 0.968 0.957

Dubinin- q, (mg/g) 27.286 53.973

Radushkevich E (kJ/mol)  0.827 1.030
R? 0.422 0.541

Temkin B, (J/mol) 10968 15924
K, 0.504 1.181
R? 0.891 0.955

In this study, the Freundlich equation is not as good as
the Langmuir equation to reveal the relationship between
the adsorption capacity (7,) and the equilibrium concen-
tration (c), which may be derived from its assumption of
heterogeneous adsorbent surface; in fact, the surface of
the mesoporous carbon is relatively uniform. The values
of the n (1.913 for phenol and 2.461 for p-chlorophenol,
respectively) are higher than 1, which reveal the favorable
adsorption.

From Table 3 it can be found that the Dubinin-Radush-
kevich equation gives the worst fitting in all cases, which
cannot give an accurate prediction information. The R*val-
ues of the Temkin isotherm model are higher, thus it can
also represent the experimental in a certain degree. In addi-
tion, the heat of sorption process are 10.968 J/mol for phe-
nol and 15.924 J /mol for p-chlorophenol, respectively.

3.6. Effect of temperature and thermodynamic analyses

The temperature plays an important role in adsorption
of phenols. Generally, as the temperature rises, the adsor-
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bate molecule can be quickly through the adsorbate-ad-
sorbent boundary layer and the internal of the adsorbents.
Thus, the increasing temperature will improve the adsorbate
molecule diffusion rate and may change the equilibrium
adsorption capacity of the adsorbent [4]. In our experi-
ment, the effect of temperature on adsorption of phenols
onto the mesoporous carbon were investigated at different
temperatures 20, 25, 30, 35 and 40°C. From Fig. 11, with the
increase of temperature from 20 to 40°C, it can be seen that
the adsorption capacity develop from 19.13 mg/g to 21.12
mg/g for phenol and 37.54 mg/g to 41.92 mg/g for p-chlo-
rophenol, respectively, which indicate that the adsorption
of phenols onto the TSMC are controlled by an endothermic
reaction. However, the g, values of p-chlorophenol show
more increase than phenol’s with the rise of temperature,
which may be explained in terms of the hydrophobic char-
acter of phenol and p-chlorphenol (Referring to the effect of
pH). As reported by other authors, the solubility of phenol
and p-chlorophenol are 93 g/L and 27 g/L, respectively.
The hydrophobic interaction plays an important role in the
adsorption of phenols onto the TSMC, and the surface and
the pore of the carbon is tendency to adsorb the molecular
with higher hydrophobicity [32].

3.6.1. Adsorption thermodynamic study

The thermodynamics study can give very valuable
insights into the nature of the adsorption process. These
thermodynamic parameters, the Gibbs free energy change
AG (kJ/mol), enthalpy change AH (kJ/mol) and entropy
change AS (J/K/mol) can be calculated as follows [55-57]:

AG=-RT1Ink (13)
k=1e (14)
C(,'
AG=AH-TAS (15)
a0 |
//,/b'/‘
35
&b
o 30 +
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o
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Fig. 11. Effect of the temperature on the adsorption of (a) phenol
and (b) p-chlorophenol (C_: 100 mg/L, V: 50 mL, Adsorbent dos-
age: 0.2 g for phenol, 0.1 g for p-chlorophenol, The initial pH 6.80
and 6.70 for phenol and p-chlorophenol, respectively).

lnk—A—S—ﬁ

" R RT (16)

where T (K) is the adsorptive Kelvin temperature, R (8.314
J/K/mol) is the universal gas constant, k is the adsorption
equilibrium constant.

The calculated values (Fig. 12) of the Gibbs free energy
change, enthalpy change and entropy change of phe-
nols are summarized in Table 4. Generally, the values of
AG are between -20 and 0 kJ/mol for physisorption, but
chemisorption is a range of —80 to —400 kJ/mol [41]. The
values of AG are negative for p-chlorophenol, correspond-
ing to a spontaneous physical process. Meanwhile, the AG
values of phenol are in the range of 0.437 to —0.826 k] /mol,
indicating that the adsorption of phenol onto the TSMC is
mainly physical. The magnitude of the AH values lie in the
range of 2.1-20.9 and 80-200 kJ /mol for physical and chem-
ical adsorptions, respectively [58]. From Table 4, the AH val-
ues of phenols are positive, being due to the fact that some
carbons need a bigger amount of energy to remove water
molecules from their pores, which also clearly demon-
strates the endothermic physical nature of the adsorption
process [59]. On the other hand, the AH values of phenol
and p-chlorophenol are 18.944 and 20.6715 k] /mol, respec-
tively, whose absolute values decrease with the increase of

09}
0.6} b
-
E 03f
a
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Fig. 12. The adsorption thermodynamic study of (a) phenol and
(b) p-chlorophenol onto the TSMC.

Table 4
Thermodynamic parameters for phenols adsorption onto the
TsMC

Parameters Temperature ~ Phenol  p-chlorophenol
AG (kJ/mol) 293.15 (K) 0.437 -0.964
298.15 (K) 0.121 -1.333
303.15 (K) -0.194 -1.702
308.15 (K) -0.510 -2.071
313.15 (K) -0.826 —2.440
AH (kJ/mol) 18.944 20.671
AS (J/mol/K) 63.132 73.804
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substitution degree (CI group for p-chlorophenol ), indicat-
ing the reinforcement of physical adsorption [41]. It also can
be seen that the AS values of phenol and p-chlorophenol are
63.132 and 73.804 J/K/mol, respectively, which show the
increased randomness of the solid-liquid interface during
the sorption of phenols onto the TSMC.

3.7 Adsorption mechanism

In general, several possible mechanisms including the
electron donor-acceptor complex, hydrophobic interaction,
electrostatic interaction and the solvent effect involve in the
adsorption of phenolic compounds on the mesoporous car-
bon [39].

The n-n interaction may be taken into consideration in
adsorption of p-chlorophenol onto the TSMC. The introduc-
tion of -Cl group would alter the n-n interaction between
p-chlorophenol and the mesoporous carbon. Especially,
at pH > pKa, the n-n interaction plays an important role,
due to it diminishes the repulsive electrostatic interactions
between the aromatic rings and the mesoporous carbon sur-
face, which is another reason for the enhanced adsorption of
the p-chlorophenol onto the TSMC. As suggested by other
studies, it is possible that the adsorption of p-chlorophenol
onto single-walled carbon nanotubes through n-n interac-
tion [32]. For phenol, according to the recently report, the
adsorption phenol onto the activated carbon limits any
available n-m interaction [60].

The hydrophobic interaction makes contribution to the
adsorption of phenols. In this study, the phenols with high
hydrophobicity have stronger tendency to be adsorbed and
retain on the surface or in the pores of the TSMC. Especially,
the higher hydrophilicities of p-chlorophenol corresponds
to a better adsorption capacity. According to previous
reports, the hydrophilicities of phenols reinforced with the
substitution degree increase of phenols, which resulted to
the enhanced adsorption capacity of the substituted phe-
nols onto the mesoporous carbon [41].

The molecular dimensions also have some implications
on the adsorption. In the adsorption kinetics study, the phe-
nols exhibit different initial adsorption rates due to the wid-
est molecular dimension. Generally, the molecular size of
the phenols and the average pore size of the mesoporous
carbon are at the same magnitude, which could enhance the
adsorption capacity of phenols. This mechanism was also
reported by other authors [61].

H-bonding makes contribution to the adsorption of
phenols onto the TSMC, which exists between phenols and
functional groups of the TSMC. That has been discussed in
the effect of adsorbent dosage part. For p-chlorophenol, the
-ClI group and the -OH group could form H-bonding with
C-O and -OH surface sites of the mesoporous carbon; with
regard to phenol, the -OH as H-bond donor is combination
with C-O or -OH as H-bond acceptors. The similar mecha-
nism was described in Hui Yuan’s study [4].

In the presence of ions, Electrostatic interaction may be
the key factor during the adsorption process, which is obvi-
ously affected by the pH of solution. Phenol and p-chlo-
rophenol are both weak acids, being dissociated at pH >
pKa, which is 9.89 and 9.41 for phenol and p-chlorophenol,
respectively, (the details have been discussed in the effect
of pH). Therefore this kind of interaction is considered to

Table 5
Adsorption capacity (mg/g) of regenerated TSMC to phenols for
three times

Compounds 90 Ta ez 9es
Phenol 21.13 20.99 21.15 20.89
p-chlorophenol 4411 44.08 44.13 43.72

be important in the adsorption of phenols on the meso-
porous carbon. Similar mechanism was reported for phenol
(2-nitrophenol) adsorption on coconut shell activated car-
bon (CSAC) and magnetic coconut shell activated carbon
(MCSAC) [62].

3.8. Regeneration of TSMC

The regeneration performance of adsorbents is essential
in the development of adsorbents on an industrial scale, and
an excellent desorption process should restore the adsor-
bents close to their initial properties, for effective reuse. The
objective is realized in this study of adsorption-desorption
cycles, and the remove capacity of phenols onto the TSMC
at every cycle was calculated as shown in Table 5. It is
clearly to observe that almost no loss of the remove capac-
ity could be measured when up to three additional adsorp-
tion-desorption experiments were performed, indicating
the TSMC has great potential for industrial applications.

4. Conclusion

In summary, the TSMC was successfully synthesized
by using silica KIT-6 as the template, sucrose as the car-
bon precursor and subsequently carbonized at the tem-
perature of 900°C, and the adsorption capacity of phenol
and p-chlorophenol onto the TSMC were also studied. The
key influence factors were investigated in detail, and the
experimental results showed that the optimal conditions
for the uptake of phenols onto the TSMC were as follows:
the dosage of 0.2 g and 0.1 g for phenol and p-cholorophe-
nol, the initial pH 6.80 and 6.70 for phenol and p-chloro-
phenol, respectively, the equilibrium time of 120 min, the
solution concentration of 100 mg/L and the adsorption
temperature of 30°C. The results also indicated that the
adsorption process was spontaneous and endothermic.
Besides, the adsorption process fitted well with the Lang-
muir isotherm model, and the adsorption kinetic study
could be described by the pseudo-second order kinetic
model. The adsorption mechanism is a complex process
that includes a combination of n-r interaction, the hydro-
phobic interaction, the molecular dimensions, H-bonding
and other interactions on the adsorption process After
three repeated adsorption-desorption cycles, the TSMC
retained almost the same adsorption ability, indicating
excellent reusability of TSMC for phenols adsorption.
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Supporting Information

Table S1

The experimental data of the effect of TSMC dosage on the

adsorption of phenol and p-chlorophenol

Dosage (g) Phenol

p-chlorophenol

Remove (%) g, (mg/g)

Remove (%) ¢, (mg/g)

0.02 - 31.311 78.278
0.05 - - 61.956 69.956
0.08 - - 79.466 49.666
0.10 70.146 35.073 88.222 44111
0.15 74932 24977 90.411 30.137
0.20 84.503 21.126 90.411 22.603
0.25 87.694 17.539 90.411 18.082
0.30 90.884 15.147 90.411 15.068
0.35 90.884 12.983 - -
0.40 90.884 11.360 - -
0.45 90.884 10.098 - -
Table S2

The experimental data of the effect of solution pH on the

adsorption of phenol and p-chlorophenol onto the TSMC

Table S3

133

The experimental data of the effect of contact time on the
adsorption of phenol and p-chlorophenol onto the TSMC

Time (min) Phenol p-chlorophenol
q, (mg/g) q, (mg/g)
5 14.346 10.184
10 17935 21.128
15 18.733 24.411
20 19.132 26.600
30 19.531 29.883
40 20.328 34.261
60 21.126 37.544
80 21.126 39.733
100 21.525 39.733
120 21.525 40.828
150 21.923 40.828
180 21.923 40.828
240 21.923 41.922
Table S4

The experimental data of the effect of initial concentration on
the adsorption of phenol and p-chlorophenol onto the TSMC

pH phenol p-chlorophenol
9. (mg/g) 9. (mg/g)
2.0 22721 45.205
4.0 21.923 41922
6.0 20.727 40.828
8.0 20.727 40.827
9.0 20.727 38.639
10.0 20.727 34.261
11.0 19.132 30.978
12.0 14.346 27.694
Table S5

The experimental data of the effect of temperature on the

adsorption of phenol and p-chlorophenol onto the TSMC

c, (mg/L) Phenol p-chlorophenol
9, (mg/g) 9, (mg/g)

20 4.715 9.583

40 8.5187 18.489

60 12.322 26.300
80 16.126 34.111
100 20.328 41922
120 24132 49.733
160 31.739 64.261
200 35.358 68.939
240 41.768 75.806
280 45.387 82.673
320 51.399 85.162
400 51.857 86.856

T (°C) Phenol p-chlorophenol
9. (mg/g) 9. (mg/g)

20 19.132 37.544

25 19.929 38.639

30 20.328 39.733

35 20.727 40.828

40 21.126 41922




