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ABSTRACT

The template-synthesized mesoporous carbon (TSMC) was synthesized through nano-casting approach
by using sucrose as the carbon precursor, KIT-6 as the template, subsequently carbonized at the tem-
perature of 900°C. The structures and properties of the obtained TSMC were systematically charac-
terized by XRD, TEM and N, adsorption/desorption isotherm. The results demonstrate that the TSMC
exhibits the worm-like morphology with high specific surface area (398.77 m?/g), large pore volume
(0.078 cm?®/g) and uniform pore size (3.8 nm). In addition, phenol and 2,4-dichlorophenol (2,4-DCP)
were also selected as the objectives to research adsorption abilities of the TSMC. Various adsorption
conditions, such as the adsorbent dosage, the solution pH, the contact time, the initial concentration
and the contact temperature effects were explored using a batch technique. The results show that
the removal rates of phenol and 2,4-DCP from solution for the TSMC were 84.50% and 85.57%, and
the adsorption capacities of phenol and 2,4-DCP on the TSMC were 21.126 and 42.784 mg/g, respec-
tively. Moreover, their kinetic experimental data are described by the pseudo-second-order model,
and their adsorption data fit the Langmuir isotherm model well predicting a high adsorption capacity
of 62.0437 and 108.6957 mg/g at 30°C, respectively. The thermodynamic study also shows that the
adsorption of phenol and 2,4-DCP on TSMC were both spontaneous and endothermic. Furthermore,
the m-mt interaction, electrostatic repulsion, H-bonding and the hydrophobicity may play important
roles in the adsorption of phenol and 2,4-DCP on the TSMC.
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1. Introduction

Recently, phenols have attracted great attention due to
their wide resources such as effluents from coke ovens in
steel plants, petroleum refineries, petrochemical, phenolic
resin, and fertilizer, pharmaceutical, chemical, dye industries,
coal processing, plastics, wood products, pesticide, paint
and paper industries, photochemical, explosives and leather
treatments [1]. Aromatic structure and substituent atoms as
its basic structure, p orbital electronics in substituent atoms

* Corresponding author.

and 7 orbital electronics on the benzene ring form a stable
conjugate system [2]. As a consequence, poorly degradable,
suitably fat-soluble and highly toxic lead them to harm
human health and animal life by food chain accumulation
even at low concentrations. So, it is essential to remove them
before discharging the wastewater into water recipients.
There are many effective techniques and materials for
removing phenols from water. For instance, Wu et al.
[3] applied carbon-coated sepiolite clay fibers with acid
pre-treatment as low-cost adsorbents, and the removal
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fraction of phenol was 57.1%. Xu et al. [4] studied that CNT
hybrid polymer to remove p-chlorophenol, and the adsorp-
tion capacity was 24.13 mg/g at the optimum experimental
conditions. Some other relevant works are also shown in
Table 1. To enhance the removal rates toward the phenols,
mesoporous carbon materials are gradually used.

Mesoporous carbons have received considerable atten-
tion owing to their large surface area, tunable pore architec-
ture, uniform and adjustable pore size, excellent conductivity
chemical stability and mechanical stability [11]. These pro-
perties make them ideal candidates for some typical appli-
cations including adsorption [12], supercapacitors [13],
catalyst supports or catalysts [14] and so on.

Over the past few years, the mesoporous carbons are
usually prepared by two typical methods: the strategy from
mesoporous silica hard templates and the direct synthesis
from block copolymer soft templates [15]. No matter the
hard template or the soft template method in the preparation,
carbon precursors, templates and the preparation pathways
have a great impact on the structure and pore size of mes-
oporous carbon materials. So the choice of an appropriate
carbon source, the template and the syntheses route is the
most important factor in controlling the pore and morphol-
ogy of the mesoporous carbon.

Specifically, phenolic resins, sucrose, furfuryl alcohol,
aromatic hydrocarbons, ethylene, acenaphthene, polyacrylo-
nitrile (PAN) and 1,5-dihydroxynaphthalene (DHN) usually
are suitable as carbon precursors [16]. Among the carbon
precursors, the sucrose due to the low cost, simple and envi-
ronmentally friendly has received great interest to prepare
mesoporous carbon. Mesoporous silica (SBA-15, SBA-16,
MCM-48, MSU-H and KIT-6), zeolites, colloidal silica par-
ticles and inorganics serve as hard templates to provide
high pore volume and controlled pore size distribution [17].
In particular, mesoporous silica KIT-6 with two interwoven
mesoporous subnetworks is more attractive. And so far, the
nanocasting route is known as a powerful preparation path-
way for mesoporous carbons. In general, the preparation of
mesoporous carbons via the nanocasting strategy involves
filling into the pores of the hard template with a suitable
carbon precursor first, this is followed by carbonization
and the final removal of the template [18]. In this way, the
obtained mesoporous carbons can show the suitable pore
size, which may result in excellent adsorption performance.
Thus Fan et al. [19] successfully studied mesoporous carbo-
naceous materials with uniform pore sizes (2.6-3.8 nm) by
the organic-organic self-assembly approach to remove hexa-
chlorobenzene (992.09 pg/g). In addition, Xue et al. [20] pre-
pared a magnetic mesoporous carbon material with the pore
size (7.73 nm) via solvothermal method to rapidly extract
chlorophenols from water samples. Therefore, it is necessary
to determine the key factor underlying the removal of phe-
nols by mesoporous carbon with high surface and uniform
pore size structure.

Herein, the research objective of this paper was to
synthetize worm-like disordered mesoporous carbon with
high specific surface area and uniform pore diameter by
hard template method. The obtained TSMC materials were
characterized by means of XRD, TEM and N, adsorption/
desorption isotherm. To obtain a basic understanding of
adsorption ability of the mesoporous carbon toward phenols

for developing the high-performance adsorbent, we selected
phenol and 2,4-DCP with different structures as the objec-
tives. Batch adsorption experiments were systematically
carried out to study effects of the TSMC dosage, the solution
pH, the contact time, the initial concentration and the con-
tact temperature. On the basis of systematically revealing
the influence of different factors on adsorption performance,
the adsorption mechanism is further analyzed by construct-
ing a model to fit the adsorption effect.

2. Experimental
2.1. Materials

The KIT-6 and sucrose were obtained from Chemistry
and Chemical Engineering, Bohai University. The phenol
was purchased from Chemical reagent corporation (Tianjin,
China). 2,4-DCP was purchased from J&K Scientific Co. Ltd.
(Beijing, China). HCI, H,SO,, HF (10 wt.%) and NaOH were
obtained from Chemical reagent corporation (Tianjin, China).
Deionized water was employed in all experiment processes.
All the chemicals were of analytical grade, and were used
as received without any further purification. Some properties
of the phenols are summarized in Table 2 [21,22].

2.2. Preparation of the template-synthesized mesoporous carbon
(TSMC)

The TSMC materials were synthesized by nanocasting
route technique using a hard template, and the preparation
strategy of the TSMC can be briefly described by the follow-
ing process as following: generally, 2.5 g sucrose was impreg-
nated into 2.0 g KIT-6 by nanocasting approach with 0.28 g
sulfuric acid at room temperature for 24 h. Subsequently,
in order to polymerize sucrose completely, the mixture was
cured in 160°C for 6 h. After that, the experiment operations
were repeated at the condition (1.5 g sucrose/0.16 g H,SO,).
Then, the mixture was carbonized under a N, atmosphere
at 900°C for 4 h with a ramp rate of 10°C/min. Finally, the
carbonized product was treated with HF (10 wt.%) aque-
ous solution to remove the silica, washed many times with
distilled water until the neutral pH, dried at 80°C for 5 h.
The resulted black and powder mesoporous materials were
named as TSMC.

2.3. Characterization techniques

XRD patterns of the TSMC were collected by XRD-6000
diffractometer (Japan) using Cu Ka (A = 0.15425 nm) radi-
ation operating at 40 kV and 30 mA with a scanning rate
of 0.2°s over the range of 0.6°-70°. The hexagonal lattice
parameter () was calculated by a, =2d,, / J3 (nm), where
d = 0.15418/(25in0) from Bragg’s law. The microstructure of
the TSMC was examined by TEM images taken by FEI F20
microscope (USA) operated at 200 kV. The sample for TEM
studies was prepared by placing a drop of the suspension
of the sample in ethanol onto a carbon-coated copper grid,
scattered ultrasonic for 30 min at room temperature and fol-
lowed by evaporating the solvent. The N, adsorption/desorp-
tion isotherms on the adsorbent at —-196°C were determined
via a Micromeritics ASAP 2020. Prior to the adsorption
measurement, the sample was degassed under a vacuum at
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Table 2
Physicochemical properties of the investigated phenols
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Pollutants name Molecular weight (g/mol) logK,,, Solubility (mg/L) pKa Structural formula
Phenol 94 1.46 93,000 9.89 Q

=)

=
2,4-DCP 163 3.06 4,500 7.90

OH

80°C for 3 h to remove the guest molecules in the sample.
The Brunauer-Emmett-Teller (BET) method was utilized to
calculate the specific surface area of the sample from the rel-
ative pressure of P/P = 0.05-0.35 and the average pore size
distribution was derived from the desorption branch of the
corresponding isotherm using the Barrett-Joyner—-Halenda
(BJH) method. The total pore volume was estimated from
the N, amount adsorbed at a relative pressure of P/P = 0.99.
The elemental compositions of the sample were analyzed
by vario EL element analyzer.

2.4. Adsorption performance of the TSMC

The adsorptions of phenol and 2,4-DCP on the TSMC
were investigated about effects of the TSMC dosage, the solu-
tion pH, the solution concentration, the adsorption time and
the adsorption temperature. Before adsorption experiments,
the TSMC was kept in a desiccator. All the experiments were
carried out using a 100 mL glass bottle.

In order to study the TSMC dosages, the TSMC with dif-
ferent mass (phenol: 0.10, 0.15, 0.20, 0.25, 0.3, 0.35, 0.40, 0.45 g
and 2,4-DCP: 0.02, 0.05, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30 g)
were added, respectively, to the 50 mL aqueous solutions
of phenol and 2,4-DCP (both the initial concentration was
100 mg/L). The mixtures were shaken in a THZ-82 shaker
(Changzhou, China) at 180 rpm at 30°C for 2 h, to ensure
reaching adsorption equilibrium. After adsorption, the solu-
tions were separated from the adsorbent with a TG16-WS
centrifuge (Hunan, China), and the concentrations of phenol
and 2,4-DCP were measured via a UV5500-PC spectropho-
tometer (Shanghai, China) at the maximum wave length of
269 and 286 nm for phenol and 2,4-DCP, respectively.

The removal (%) and equilibrium g, (mg/g) of phenol
or 2,4-DCP onto TSMC at time ¢ were calculated using the
following equations:

Removal (%) = % x100

0

@

where C is the original concentration, while C, (mg/L) is at
time t concentration of the phenol or 2,4-DCP.

(C,-C.)xV

m

q. = )

where g, is the amount of phenols adsorbed per unit mass of
adsorbent (mg/g), C, and C, (mg/L) are initial and equilib-
rium concentration of phenols, V (L) is the volume of solu-
tion, and m (g) is the adsorbent mass.

The effect of pH was investigated in the range of 2.0-12.0
by mixing TSMC (0.2 and 0.1 g), respectively, into 50 mL
phenol and 2,4-DCP solution of the initial concentration
100 mg/L for 120 min at 30°C, the pH values were adjusted by
dropwise adding 0.1 mol/L NaOH or 0.1 mol/L HCI solutions.

To study the effect of adsorption time, 0.2 and 0.1 g of
the TSMC were mixed with 50 mL phenol and 2,4-DCP solu-
tions (100 mg/L) for different times separately. The effect
of the solution concentration was finished at 30°C by add-
ing 0.2 and 0.1 g of the TSMC to 50 mL phenol and 2,4-DCP
solution with different initial concentrations (both 20, 40,
60, 80, 100, 120, 160, 200, 240, 280, 320, 400 mg/L) for 2 h,
respectively. Through varying the temperature of the system
(30°C, 35°C, 40°C), the effects of adsorption temperature on
the adsorption of phenol and 2,4-DCP onto the TSMC were
studied.

3. Results and discussion
3.1. Characterization of the TSMC

The structural characterization of the TSMC is inferred
from XRD. As shown in Fig. 1, the low-angle XRD patterns
of TSMC (see inset in Fig. 1) reveal a low-angle diffraction
peaks which is not obvious at 20 = 1°, 1.34°, 2.10°, corre-
sponding to the plane (211), (220), (332), suggesting a meso-
porous ordering, suggesting that the ordered mesostructure
is still retained after carbonization and silica removal. The
reflection peaks associated with (220) and (332) become
weaker, indicating that the ordered mesostructure dete-
riorates to some extent. The wide-angle XRD patterns
show sharp diffraction peaks for the TSMC at 20 = 26.622°
(d=0.335nm) and 43.981° (d = 0.206 nm) which are assigned
to the (002) and (100) diffractions, respectively, revealing the
presence of long-range two-dimensional ordering in the carbon
matrices [23]. Besides, the obvious distinctions in the full
width at half maximum (FWHM) of the (002) and (100)
reflection indicate the different crystallite size of the pre-
pared TSMC [24].

To gain further insights into the morphological fea-
tures, the TEM images of the TSMC were investigated. As
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Fig. 1. Wide-angle and low-angle XRD patterns (the inset) of
the TSMC.

demonstrated in Fig. 2a, the mesoporous structure consists
of spherical pores that form worm-like mesoporous chan-
nels with random orientations. This phenomenon may be
explained by the carbonization temperature. At low car-
bonization temperature, sucrose is incompletely carbonized
[18]. From Fig. 2b, it can be seen that the layered structure
forms the narrow slit-like pores. This means that the mes-
oporous preparation requires very restricted experimental
conditions, especially the carbonization temperature.

The pore structure of the TSMC was evaluated by N,
sorption analysis and the corresponding pore size distri-
butions were inserted. As seen in Fig. 3, the TSMC shows
a type-IV curve according to the IUPAC classification.
At low relative pressures, the steep upwards-loping trend
of the isotherm is observed, representing the presence of

Fig. 1. TEM images of the TSMC (a) 10 nm and (b) 50 nm.

microporous [25]. The pore size distribution plot of the
TSMC corroborates this observation. At medium relative
pressure, the TSMC shows an obvious capillary condensa-
tion supporting the existence of mesoporous [26]. At higher
pressures, the N, adsorption smooth increasing indicates
the presence of the slit-like pores, which originate from the
layered structure. In addition to, from the pore size distri-
bution curve (see inset in Fig. 3), the TSMC demonstrates
narrow pore size distribution, in which the maximum peak
centered at about 3.8 nm with the BJH method based on
desorption branch. The TSMC has the Brunauer-Emmet-
Teller (BET) surface areas of 398.77 m?/g, the pore volume of
0.078 cm®/g calculated using the BJH desorption cumulative
volume of pores distribution around 3.8 nm, which are all
the favorable factors contributing to its excellent adsorption
performance for the phenol and 2,4-DCP.

3.2. Effect of the TSMC dosage

Fig. 4 shows the removal rate (%) and the adsorption
capacity of phenol and 2,4-DCP along with the TSMC dos-
age increasing. Specifically, from Fig. 4Aa the equilibrium
removal rates of phenol rise with increase in amount of
adsorbent and even reach 90.88% with 0.3 g of the TSMC.
However, from Fig. 4Ab the adsorption capacity of phenol
decreases from 35.07 to 15.15 mg/g with increase in amount
added increase from 0.1 to 0.3 g. With a further increase in
the TSMC dosage to 0.45 g, the percentage removal rates
of phenol remain constant at 90.88%. The familiar situation
occurs on 2,4-DCP. From Fig. 4Ba it is clear to see that the
removal rates of 2,4-DCP rise rapidly from 29.25% to 85.57%
with increase in amount of adsorbent from 0.02 to 0.1 g, while
the equilibrium adsorption of 2,4-DCP decreases obviously
from 73.12 to 42.78 mg/g with the increase in the TSMC
dosage in Fig. 4Bb. And to further increase in the TSMC dos-
age to 0.3 g, the 2,4-DCP adsorption percentage maintain
balance at 85.57%.
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Fig. 3. N, adsorption—desorption isotherms of the TSMC and the
pore size distribution based on the BJH method of the TSMC
(inset).

Anyway, with the adding of the TSMC dosage, the equi-
librium adsorption amounts always fell off, but the removal
rates both went up observably and remain almost constant
for phenol and 2,4-DCP. This phenomenon can be attributed
to the explanation. The number of available adsorption
sites increase with the increase in the TSMC dosage [27].
Therefore, it leads to the phenols removal rates increased
rapidly. But the opposite trend in adsorption capacity is
mainly attributed to the unsaturation of the adsorption sites
through the adsorption process. The results of this unit also
indicate that the appropriate TSMC dosage is extremely
essential. In summary, the TSMC dosage is decided accu-
rately at 0.2 g for phenol and 0.1 g for 2,4-DCP.

3.3. Effect of the solution pH

The variation in solution pH can influence the surface
charge of the adsorbent materials and the ionization state
of adsorbates, which consequently alters the adsorption
capability. The effects of pH on the removal of phenol and
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2,4-DCP were investigated in Fig. 5. In detail, the adsorp-
tion capabilities for phenol slowly reduce when the initial
pH values ranges from 2.0 to 6.0, then vary only slightly,
while it rapidly reduces in the region of pH > 10.0. And the
similar situation occurs in adsorption of 2,4-DCP except the
turning point being 7.0 for 2,4-DCP. The phenomenon can be
explained by effect between surface property of the adsor-
bent and degree of ionization-dissociation of the adsorbate
molecules [28].

At lower pH, both the TSMC surface and the phenols are
in protonated form. In this case, no repulsion occurs between
the TSMC surface and the phenols [6]. Besides, 2,4-DCP
could be adsorbed onto the TSMC surface through the m-m
interaction, which is attributed to the dispersion interaction
between the electrons in the aromatic ring of 2,4-DCP and
the surface of the TSMC while the r—m interaction between
the phenolic ring and the TSMC basal planes is possible for
phenol [1]. Moreover, the hydrogen bonding is also formed
between phenol molecules and TSMC. And at alkaline pH,
the surface of the TSMC is negatively charged. The electrical

50

pH

Fig. 5. Effect of the pH values on the adsorption of (a) phenol and
(b) 2,4-DCP.
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Fig. 4. Effect of the TSMC dosages on the adsorption of (A) phenol and (B) 2,4 DCP (a: removal rate (%), and b: adsorption capacity
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repulsion between the identical charges lowers the adsorp-
tion capacities, which only occurs in the surface of the TSMC.
However, it can be seen from Fig. 5, the adsorption capabil-
ity decreases rapidly due to the repulsive force prevailing
at higher pH (10.0 and 8.0 for phenol and 2,4-DCP, respec-
tively), which may be explained by the pKa of phenols.
Phenol and 2,4-DCP are weak acids (pKa values 9.89 and
7.90, respectively). With increasing the values of pH, phe-
nol and 2,4-DCP are dissociated forming phenolate anions.
Thus most of the phenol molecules and the TSMC are pres-
ent in their negative ions, and it gives rise to the stronger
electrostatic repulsion among the phenol anions and the
negative charge on the surface of TSMC [20]. Besides, the
dissociation of hydrogen ions has higher solubility in aque-
ous solution and form stronger adsorbate—water attractive
interactions [29]. So the adsorption capability decreases
sharply at a higher pH value.

3.4. Effect of the contact time

Contact time is an important parameter to determine
the equilibrium time of adsorption process. The effect of
contact time on the adsorption capacity of phenol and 2,4-
DCP is shown in Fig. 6. For phenol, the first 15 min belongs
to rapid adsorption, followed by a relatively slow increase,
and reaches equilibrium in about 60 min. For 2,4-DCP, it
is fast in the previous 30 min and then gradually slowing
down, the adsorption is equilibrium until lasting 240 min.
The elemental analysis shows that the TSMC is mainly
composed of carbon (92.13%), with a small amount of hydro-
gen (2.43%). The phenol adsorption is related to the hydro-
gen bonding between the hydroxyl groups of phenol and
the TSMC surface while the 2,4-DCP adsorption is related
to the hydrogen bonding and the interaction between the
hydroxyl groups and the choral groups of 2,4-DCP and
the mesoporous carbon surface [30,31]. During a less-sharp
rise portions, the adsorption capacity is retarded mainly by
the formerly adsorbed molecules sited on the surface of the
TSMC particles [2]. Eventually, the curves both reached a

*

0 40 80 120 160 200 240

Contact time (min)

Fig. 6. Effect of the contact time on the adsorption of (a) phenol
and (b) 2,4-DCP.

plateau, indicating that the TSMC is saturated station with
the equilibrated adsorption capacity of 21.92 mg/g (phenol)
and 42.78 mg/g (2,4-DCP).

As shown in Fig. 6, the distinct differences in the adsorp-
tion capacity and the initial adsorption rate between phenol
and 2,4-DCP are visible. Those occur because of the solu-
bility of phenols. From Table 2, the solubility of phenol and
2,4-DCP are 93,000 and 4,500 mg/L, respectively. Phenol is
the more hydrophilic in water than 2,4-DCP, thus the attrac-
tion from water molecules to phenol is the stronger than the
2,4-DCPF, which could be attributed to the hydrogen bonding
from water molecules to phenol [32].

3.5. Effect of the initial concentration

The effect of the initial concentration on the adsorption
of phenol and 2,4-DCP by the TSMC was examined and
the results are presented in Fig. 7. At the initial concentra-
tion from 20 to 160 mg/L, it is clear to see that the varia-
tion between the initial concentration and the equilibrium
adsorption capacity may be viewed as a linear relationship.
Similar behavior has been established by Sharma et al. [33]
in which the simple adsorption of phenol on ground acti-
vated carbon was studied. In addition, the values of g, rise
more slowly with the initial concentration of 160-320 mg/L
due to the mesoporous diffusivities. In detail, the phenols
pore diffusion is reinforced and in the boundary layer is
reduced, which leads to the pore diffusivities increasing
[34]. Nevertheless, with the initial phenols concentration
higher than 320 mg/L, there are no remarkable changes in
g, values. These may be the fact that the adsorption reaches
saturation owing to the TSMC offering limited surface
binding sites [35].

As shown in Fig. 7, it can be also found that 2,4-DCP
demonstrates higher adsorption capacities than phenol with
increasing the initial concentration. This different degree of
adsorption may be explained in terms of the hydrophobic
interactions. The n-octanol/water partition coefficient (K

)
OW.
is an important hydrophobic parameter, which is the ratio of the

100 [ b

80 |
B 60|
E a
g
g 40

20 |

0 80 160 240 320 400
Co (mg/L)

Fig. 7. Effect of the initial concentration on the adsorption of
(a) phenol and (b) 2,4-DCP.
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Fig. 8. Effect of the contact temperature on the adsorption of
(a) phenol and (b) 2,4-DCP.

organic compounds concentration in n-octanol to that in water
in a two-phase system at equilibrium [36]. The adsorption
quantity of phenols increases with the development of the
logK,, values obtained from United States National Library
of Medicine [37]. As suggested by Table 2, the values of log-
K, are 1.46 and 3.06 for phenol and 2,4-DCP, respectively.
And the higher hydrophobic interactions exist in between the
2,4-DCP and the TSMC surface. Similar results are consistent
with the observations of other authors’ [21].

3.6. Effect of the contact temperature

The contact temperature is considered as a critical factor
which may affect the adsorption process greatly. The effect
of temperature on adsorption capability of the TSMC toward
phenol and 2,4-DCP was examined by varying tempera-
tures from 30°C to 40°C. The results are presented in Fig.
8. It is noteworthy that the adsorption capacity increases as
the temperature rises. In detail, the adsorption capacity of
phenol onto the TSMC is found to gradually increase from
20.33 to 21.13 mg/g with the temperature from 30°C to 40°C;
and it also shows that the adsorption capacity of the TSMC
toward 2,4-DCP demonstrates higher adsorption capacities
from 42.78 to 45.47 mg/g by increasing the temperature,
which all suggest that the adsorption processes are both
endothermic in nature. The reason can be attributed to the
fact that the high temperature can increase the rate of dif-
fusion of the phenol molecules across the external bound-
ary layer and in the internal surface of the TSMC [6]. Some
researchers also describe this phenomenon on the basis of
a swelling effect within which the internal structure of the
TSMC enables phenols to penetrate further [7].

3.7. Studies of the adsorption equilibriums
3.7.1. Adsorption kinetics

Adsorption kinetics is one of the main indicators reflect-
ing the adsorbent efficiency and providing information of

Table 3
Kinetic parameters for phenols adsorption onto the TSMC

Kinetic type Kinetic parameters Phenol 2,4-DCP
Pseudo-first-order k, (1/min) 0.0223  0.0338
q, (mg/g) 55950 21.1198
R? 0.8720  0.8662
Pseudo-second- k, (g/mg/min) 0.01637 0.0054
order q, (mg/g) 22.1680 43.3840
R? 0.9998  0.9992
Intraparticle C (mg/g) 15.8420 27.0047
diffusion k, (mg/g/min'?) 0.6890 1.7709
R? 0.9580 0.9371

the adsorption mechanism, which is an important charac-
teristic to define the efficiency of adsorption. Therefore, in
order to investigate the mechanism of adsorption and kinetic
parameters were modeling by three nonlinear kinetic mod-
els including the pseudo-first order model [38], the pseudo-
second order model [39] and the intraparticle diffusion
model [40]. The pseudo-first-order model is given by the
following equation:

ln(qg —qf):lnqe —kt 3)

where k, (1/min) is the pseudo-first-order rate constant,
q, (mg/g) is the adsorption capacity of the adsorbent at equi-
librium, g, (mg/g) is the adsorption capacity at time ¢.

Eq. (4) defines the pseudo-second-order model as follows:

N S 4)

9, kqa 4,

where k, (g/mg/min) is the pseudo-second-order rate con-
stant, the modified parameter k, = k,q, in the pseudo-second-
order kinetic model is considered to be an adsorption rate
constant, the rate constant v, = k> in the pseudo-second-
order kinetic model reflects the initial adsorption rate [41].
The fitted curves of phenol and 2,4-DCP are shown in
Fig. 9 and the adsorption calculated kinetic parameters
are listed in Table 3. It can be seen that the pseudo-first-
order model gives poor fitting with low R? values (0.8720
and 0.8662 for phenol and 2,4-DCP, respectively) and sig-
nificant differences between experimental and theoretical
uptakes. However, the R? values obtained from the pseudo-
second-order model are 0.9998 and 0.9992 for phenol and
2,4-DCP, respectively. Moreover, the calculated g, values
acquired from the pseudo-second-order model are in
good agreement with the experimental data. Meanwhile,
the modified parameter k, is considered to be a more
applicable rate constant to directly describe the adsorption
kinetic process [42]. As calculated, the k] values of phenol
and 2,4-DCP are 0.3629 and 0.2343, respectively, indicating
faster adsorption rate of phenol by the TSMC. Furthermore,
the initial adsorption rate v, of phenol and 2,4-DCP is 7.8677
and 10.1649, respectively, which suggests that the initial
adsorption rate of 2,4-DCP is also much faster than phenol.
The results are in agreement with the observations from
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Fig. 9. Plots of the adsorption kinetics for (a) phenol and (b) 2,4-DCP; (A) the pseudo-first-order kinetics, (B) the pseudo-second-order
and (C) the intraparticle diffusion.

Table 4

Isotherm parameters for phenols adsorption onto the TSMC

Isotherm type Isotherm parameters Phenol 2,4-DCP
Langmuir Q,, (mg/g) 62.0347 108.6957
K, (L/mg) 0.0284 0.0571
R? 0.9748 0.9912
R, 0.0809 0.0419
Freundlich K, 4.1095 13.5636
n 1.9127 2.3941
R? 0.9675 0.9585
Dubinin—-Radushkevich q, (mg/g) 27.2862 56.2182
E (kJ/mol) 0.8273 1.4794
R? 0.4223 0.4497
Temkin B, (J/mol) 10.9681 17.7163
K, 0.5041 1.3139
R? 0.8915 0.9282
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Fig. 6. It demonstrates that the pseudo-second-order model
rather than the pseudo-first-order model can be applied to
the entire adsorption process.

The pseudo-first-order or pseudo-second-order kinetic
models can provide information on adsorption capacity and
adsorption rate, but they give no insight into the adsorption
mechanism. So the intraparticle diffusion model is used to
analyze and elucidate the diffusion mechanism. Generally,
adsorption process on a mesoporous adsorbent may be con-
trolled by three stages: external diffusion, intraparticle dif-
fusion and adsorption onto sites. The intraparticle diffusion
equation is expressed as follows:

1
g, =kt*+C )

where k, (g/mg/min'?) is the intraparticle diffusion rate con-
stant, C (mg/g) is a constant related to the bounding layer
thickness. If the plot passes through the origin (C = 0), then
the intraparticle diffusion is the sole rate-limiting step.
Otherwise, some other mechanism along with the intrapar-
ticle diffusion is also involved [43].

As can be seen from Fig. 9¢, the phenol and 2,4-DCP
exhibit multi-linear plots, suggesting that the adsorbent
surface adsorption and the intraparticle diffusion are simul-
taneously occurring during the adsorption process and con-
tribute to the adsorption mechanism. During the initial sharp
rise stage, the diffusion of the phenols through the boundary
layer to the external surface of the TSMC is restricted mainly
by the mesoporous structure; during the following less-
sharp rise stage, the intraparticle diffusion might be mainly
related to the microporous diffusion [11]; and the plateau
portion corresponds to the final equilibrium process due to
extremely low concentration of phenols left in solution [44].

The calculated intraparticle diffusion parameters are listed
in Table 3. The R? of phenol and 2,4-DCP for the intrapar-
ticle diffusion model are 0.9580 and 0.9371, respectively.
Compared with phenol, the values of k, and C demonstrate
a higher boundary layer effect and a higher diffusion rate
constant for 2,4-DCP. These results indicate that the diffu-
sion of phenol within the mesoporous structure of TSMC is
more rapid than that of 2,4-DCP and the surface adsorption is
the dominant step in the adsorption process [29].

3.7.2. Adsorption isotherms

As equilibrium adsorption isotherm is significantly
important to the design of adsorption systems and can
explain the adsorbate molecules distribution between the lig-
uid phase and the solid phase when the adsorption process
reaches an equilibrium state, in this study, the adsorption
of phenol and 2,4-DCP onto TSMC was described mainly
through Langmuir [45,46], Freundlich [46], D-R (Dubinin—
Radushkevich) [47] and Temkin isotherm models [48].

The Langmuir isotherm is based on the assumption
that there is a finite number of binding sites which are
homogenously over the adsorbent surface and a monolayer
adsorption occurs without mutual interaction between the
adsorbed molecules [49]. The linear form of the Langmuir
isotherm equation can be represented by the following
equation:

S E ©)
qe QmKL Qm

where C, (mg/L) is the equilibrium concentration of phenols
in the liquid phase, g, (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. The essential characteristics
of Langmuir isotherm can be expressed in terms of dimen-
sionless equilibrium parameter or separation factor R, which
is calculated by the following equation [50]:

@)

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

The Freundlich isotherm is an empirical model that is
based on the adsorption on heterogeneous surfaces. In addi-
tion, it is supposed that the active sites with strong bind-
ing force are occupied by adsorbate primarily and then the
adhesion decreased with the increase of site occupation [51].
The linearized Freundlich isotherm is represented by the
following equation:

Ing, =1nKF+llnC€ (8)
n

where K, is the Freundlich constant related to the adsorp-
tion capacity, and n is the constant related to the adsorption
intensity, which indicate the adsorption process to be either
favorable (1 <n <10) or poor (n <1).

The D-R isotherm is more general than the Langmuir
isotherm because it does not assume a homogeneous surface
or constant adsorption potential, which has been extensively
used to distinguish the physical and chemical adsorption
[52]. The linear form of D-R isotherm equation is given as
follows:

Ing, =lng, —Be* 9)
1

€= RTln[l + ] (10)
CL’

oL (11)

N

where g, (mg/g) is the maximum adsorption capacity, 3 (mol?/
kJ?) is the activity coefficient related to mean the adsorption
energy contact, ¢ is the Polanyi potential, R (8.314 J/K/mol) is
the universal gas constant, T (K) is the adsorptive Kelvin tem-
perature and E (kJ/mol) is the mean free energy of adsorption.

The Temkin isotherm model describes that the heat of
adsorption of all molecules in the layer would decrease with
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the surface coverage. In addition, it assumes that the adsorp-
tion is characterized by a uniform distribution of the binding
energies, up to some maximum binding energy [53]. The lin-
ear form of Temkin isotherm equation is as follows:
g,=B,InK, +B,InC, (12)
where K, (mg/L) is the equilibrium binding constant corre-
sponding to the maximum binding energy, B, = RT/b (J/mol)
is the Temkin constant related to heat of adsorption.

The fitting plots of the adsorption isotherms of phenol
and 2,4-DCP onto the TSMC are shown in Fig. 10, and all
the constants gained from the adsorption isotherm models
are summarized in Table 4. According to the results listed in
Table 4, the correlation coefficients values exceed 0.90 for the
adsorption isotherm models except the D-R isotherm model,
suggesting that the Langmuir, Freundlich and Temkin iso-
therm models closely fit the experimental results. At the
same time, the Langmuir isotherm model (R? for phenol
and 2,4-DCP are 0.9748 and 0.9912, respectively) is much
more suitable than the Freundlich and Temkin isotherms
for describing adsorption isotherm data. The fitness of the

Ce /qe (g/L)

I 1 1

0 50 100 150 200
Ce (mg/L)

ge (mg/g)

Langmuir model to the adsorption process connotes that
the phenol molecules from bulk solution were adsorbed on
specific monolayer which is homogeneous in nature without
mutual interaction between the adsorbed phenol molecules.
Moreover, the R, values (phenol and 2,4-DCP are 0.0809 and
0.0419, respectively) lie between 0 and 1, indicating a favor-
able behavior toward the adsorption of phenol and 2,4-DCP
on the TSMC under the studied conditions.

With respect to the Freundlich isotherm model, the
regression coefficients (R?) for phenol and 2,4-DCP are 0.9675
and 0.9585, respectively, displaying that this model is not
as good as the Langmuir isotherm model for describing the
experimental data. It is observed that the values of n for phe-
nol and 2,4-DCP are found 1.9147 and 1.3947, respectively,
further indicating further that the adsorption processes
tend to happen easily.

From Fig. 10C and Table 4, it can be observed that the
worst fitting in all cases and the low regression coefficients
for phenol and 2,4-DCP show that the D-R isotherm model
could not interpret the data reasonably. The fitted curves of
the Temkin isotherm model are depicted in Fig. 10D, and
the calculated equilibrium data are listed in Table 4. The R?

InCe

Fig. 10. Plots of the adsorption isotherms for (a) phenol and (b) 2,4-DCP; (A) Langmuir, (B) Freundlich, (C) Dubinin—-Radushkevich

and (D) Temkin isotherms.
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values for phenol and 2,4-DCP are 0.8915 and 0.9282, respec-
tively. It is possible to conclude that the 2,4-DCP adsorp-
tion on the TSMC can be described by the Temkin isotherm
model, appropriately comparing with the experimental data.

In addition, the Langmuir isotherm model can provide
information on maximum adsorption capacity. The max-
imum sorption capacities (Q,) of phenol and 2,4-DCP are
62.0437 and 108.6957 mg/g, respectively, which are related
to the relatively high surface area of the TSMC and its mes-
oporous structure [43]. Compared with the phenol, the 2,4-
DCP exhibits the higher maximum adsorption capacity,
which may be attributed to the chlorine substituents. On the
one hand, increasing the number of chlorine substituents
decrease its solubility significantly; on the other hand, as
chlorine is an electron with drawing group, an increase in
chlorine substituents on an aromatic ring also decreases the
electron density on the ring [54]. Thus 2,4-DCP possesses two
more hydrophobic group and lower solubility as explained
above, leading to 2,4-DCP being adsorbed more intensely
than phenol.

3.7.3. Adsorption thermodynamics

In any adsorption process and engineering practice,
the thermodynamic parameters such as change in standard
Gibbs free energy (AG), enthalpy (AH) and entropy (AS)
should be considered in order to determine whether the
adsorption processes will occur spontaneously [55]. The
relation between AG, AH and AS were calculated using the
following equations reported in literatures [56]:
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Fig. 11. Plots of the adsorption thermodynamics for (a) phenol
and (b) 2,4-DCP.

Table 5
Thermodynamic parameters for phenols adsorption onto the
TSMC

Parameters Temperature phenol 2,4-DCP
AG (KJ/mol) 303.15 (K) -0.2044 -2.8070
308.15 (K) -0.5034 -3.4257
313.15 (K) -0.8024 —4.0444
AH (kJ/mol) 17.9240 34.7051
AS (J/mol/K) 59.8006 123.7407

AG=-RTInb (13)
q
b="1c 14
C (14)
AG =AH -TAS (15)
Inb:A—S—ﬁ (16)
R RT

where AG is the Gibbs free energy (kJ/mol), AH is the
enthalpy (kJ/mol), AS is the entropy (J/mol/K), T (K) is the
adsorptive Kelvin temperature, R (8.314 J/K/mol) is the uni-
versal gas constant, b is the partition coefficient.

The plots of the adsorption thermodynamics are shown
in Fig. 11, and the parameters AG, AH and AS are listed in
Table 5. The negative values of AG indicate spontaneous
nature of the adsorption phenol and 2,4-DCP on TSMC.
The decrease in values of AG with the increase in tempera-
ture indicates that the adsorption process is more favorable at
higher temperature. Moreover, the value of AG for physical
adsorption lies between —20 and 0 kJ/mol while the chemical
adsorption ranges from —80 to —400 kJ/mol [57]. The values of
AG (-0.2044 to —0.8024 k]/mol and —2.8070 to —4.0443 kJ/mol
for phenol and 2,4-DCP, respectively) also confirm phenol
and 2,4-DCP were physical adsorption to the TSMC material,
which is agreement with the above study.

As also can be seen from Table 5, the phenols adsorption
onto TSMC give positive values of AH (17.924 and 34.7050 kJ/

mol for phenol and 2,4-DCP, respectively), indicating that
both adsorption processes are endothermic in nature and
favored in high temperature condition. Furthermore, the
AH value of physical adsorption is less than 40 kJ/mol [58].
The positive values of AH demonstrate again that the adsorp-
tion of phenols on the TSMC is physical adsorption processes.
And the values AS of phenol and 2,4-DCP are 59.8006 and
123.7407 J/mol/K, respectively, which signify that the adsorp-
tion processes are irreversible and have a good affinity for
phenols toward the TSMC particles, together with having an
increase in randomness at the solid-liquid interface during
phenols displacing from the solution and fixating onto the
active sites of TSMC [59].

4. Conclusions

In summary, the mesoporous carbon was successfully
synthesized by the nanocasting method with sucrose as
carbon source and KIT-6 as the structure-directing agent
at 900°C. The obtained TSMC was characterized by XRD,
TEM and N, adsorption—desorption techniques. And the
results indicated that the obtained material possesses dis-
ordered worm-like mesoporous structure, uniform pore
size distributions and high surface areas. And the obtained
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TSMC exhibited a considerable performance toward phe-
nol (21.126 mg/g) and 2,4-DCP (42.784 mg/g) under optimal
conditions: the initial concentration of 100 mg/L; the contact
temperature of 30°C; the TSMC dosages of 0.2 and 0.1 g, the
initial pH values of 6.80 and 6.65, the adsorptions equilibri-
ums times of 60 and 120 min, respectively. For the phenol
and 2,4-DCP, both adsorption processes were fitted well with
the pseudo-second-order kinetic model. Meanwhile, the
equilibrium data were correlated better with the Langmuir
isotherm model than other isotherm models. In addition, the
thermodynamic constants including AG, AH and AS revealed
that phenol and 2,4-DCP adsorption on the TSMC are both
physical adsorption with the spontaneous, endothermic, and
entropy-driven nature processes.
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