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Organic waste gases from petrochemical industry cause air pollution. Due to the environmental effects of refractory organic gas, the
development of effective adsorbent is imperative. The micro–meso hierarchical porous carbon with high surface area was synthesised by
the hard-template method. With MCM-41 as template, this material was prepared using phenolic resin as carbon source. Dynamic
adsorption performance of toluene on micro–meso hierarchical porous carbon was studied by gas chromatographic techniques. Effects of
toluene initial concentration, temperature and bed height on adsorption capacity were also researched. The results showed that when
toluene concentration was 1750 mg/m3, equilibrium amount of toluene adsorbed was 358.8 mg/g by micro–meso hierarchical porous
carbon, 79.41 mg/g by MCM-41. The adsorption capacity increased with the increase of initial concentration and bed height, while the
adsorption capacity decreased along with the increase of temperature. Due to strong toluene adsorption capacity, this micro–meso
hierarchical porous carbon manifests profound theoretical and practical significance in petrochemical organic waste gas treatment.
1. Introduction: Volatile organic compounds (VOCs) play an
important role in air pollution, which cause harm to the
environment or human health, even at low concentrations [1, 2].
One of the principal sources of VOCs is exhaust emission from
petroleum industry. It includes benzene series, aldehydes and
ketones compound, halohydrocarbon, alcohols and so on. The
organic waste gases from petrochemical plants are mostly emitted
by tanks inorganisation discharge, petrochemical unit leakage,
solvent evaporation and exhaust emission [3]. Toxic,
carcinogenic, diffusible and flammable, these organic compounds
exert major concern even at low concentrations [4, 5]. Toluene,
one representative kind of VOCs, is the most commonly found
air pollutants emitted from petrochemical industries. Tiredness,
confusion, nausea, memory loss, hearing and colour vision loss,
appetite loss and neurological harm [6] can be caused when
exposed to low concentration toluene. Hence, removal of toluene
from emission streams is critical in air pollution control.

Significant scientific and technological efforts have been dedi-
cated regarding organic compounds removal. The methods pro-
posed and developed for treating VOCs are adsorption,
absorption, catalytic oxidation, thermal oxidation, biological deg-
radation method, condensation. Among them, the most extensively
used is adsorption process [7–9]. It can provide better removal
results at the low concentration of VOCs [10, 11]. Removal of
organic compounds from emission gas can be carried out by
various types of adsorbent.

Adsorbents can be divided by pore width into microporous
adsorbents (<2 nm), mesoporous adsorbents (2–50 nm) and macro-
porous adsorbents (>50 nm) [12]. Adsorbents with high surface
area and distinct pore structure must have high abrasion resistance
and high thermal stability. Activated carbon (AC) is the most
widely used adsorbent [13] due to its high surface area, micropor-
ous structure, a high degree of surface reactivity and hydrophobic
properties [14, 15]. However, they are only useful for adsorbing
molecules with molecular weights between 45 and 130 [1], since
micropore adsorbents are not professionals when handling
gaseous substances with macro molecules. The mesoporous
molecular sieve MCM-41 possess various qualities such as large
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internal surface area, regular hexagonal array of uniform pore
openings, narrow pore size distribution and tailorable pore size
[16, 17]. However, MCM-41 may not be expected as an appropriate
adsorbent for its amorphous mesoporous walls and poor thermal
and hydrothermal stabilities [18]. Hence, appropriate adsorbents
with high adsorption performance are necessary to be prepared
for VOCs treatment.

In accordance with previous studies, sucrose as carbon precursor,
ordered mesoporous carbons were synthesised using MCM-48
silica templates. However, carbon prepared using MCM-41 as a
template collapses upon the template removal to yield
high-surface-area disordered microporous structure. Current re-
search focuses on the synthesis of ordered mesoporous carbon; ap-
plication of carbon prepared by MCM-41 silica template has not
been studied.

In this Letter, template synthesis technique is used to obtain
micro–meso hierarchical porous carbon (MMHPC). The synthesis
is performed using phenolic resin as carbon source and mesoporous
molecular sieve MCM-41 as template. Carbon obtained has
uniform mesopore distribution and disordered microporous struc-
ture. With high surface area, this carbon material combines the qual-
ities of micro- and meso-porous molecular sieves. It can be used as
adsorbent for both small and macro molecular substance emitted
from petrochemical industry. The MMHPC has high abrasion re-
sistance and high thermal stability. The toluene adsorption perfor-
mances of the MMHPC have been evaluated.

2. Experiment
2.1. Materials: Mesoporous molecular sieve MCM-41 (Nankai
University Catslyat Factory), and MMHPC (made in laboratory)
were used in the experiment. Prior to use, these samples were
subsequently dried at 110 °C for at least 24 h by vacuum drying
oven to degas. Toluene (Sinopharm Chemical Reagent
Corporation, analytical grade) was used as adsorbate.

2.2. Synthesis: The synthesis of MMHPC was performed using the
mesoporous molecular sieve MCM-41 as the template. An aqueous
solution of phenolic resin precursor with phenol/formaldehyde =
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Fig. 1 Synthesis process of MMHPC

Fig. 3 SEM images of adsorbents
a MMHPC magnification ×20.0k
b MMHPC magnification ×80.0k
c MCM-41 magnification ×15.0k
3.18 (15.0 mass% phenol, 4.7 mass% formaldehyde, 80.3 mass%
ethanol) was used as the carbon source. The dehydrated silica
molecular sieve was then impregnated with the aqueous solution.
The suspension liquid was stirred continuously for 4 h in the
temperature range of 40–80 °C. Using sulphuric acid as the
catalyst, the suspension was then continuously stirred at 60 °C for
18–22 h. The mixed system was dried under vacuum for 24 h to
a desired temperature in the range of 110–145 °C. After drying,
the mixture was heated to 800 °C for 7 h under nitrogen
atmosphere. Finally, the silica framework was removed by
stirring in 2.5 wt% NaOH solution dissolved in 1:1 water–ethanol
mixture by volume, at least twice at 373 K [19]. The synthesis
process of MMPHC is presented in Fig. 1.

2.3. Characterisation: The morphologies of the samples were
observed by a field-emission scanning electron microscope (SEM,
Hitachi S-4800) equipped with energy dispersive spectrometer
(EDS). The samples were observed by transmission electron
microscopy (TEM, JEM-2100). Before the observation, powdered
samples were dispersed in ethanol by ultrasonication for at least
5 min. Nitrogen sorption isotherms were measured with a
Micromeritics ASAP 2020 at 77 K, and the samples were
degassed at 523 K for at least 12 h in a vacuum line prior to the
measurements. The surface areas were calculated through the
Brunauer–Emmett–Teller (BET) method. The Barrett–Joyneer–
Halenda method was utilised to measure mesopore size
distributions. The micropore size distributions were analysed by
the Horvath–Kawazoe method. The micropore surface area and
micropore volume was estimated by t-plot method.
Fig. 2 Toluene adsorption experimental device: (a–c) bubbling reactor, (d)
air pump, (e) gas mixing apparatus, (f) gas flow controller, (g, h) fixed bed
reactor, (i) fluidised bed reactor, (j–l) outlet
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2.4. Dynamic adsorption
2.4.1. Experimental device: The configuration of the adsorption
system is shown in Fig. 2. The quartz glass cylindrical reactor
(fixed bed reactor) of this system (g/h) is 250 mm in length and
20 mm in internal diameter. In a typical experiment, air is intro-
duced to the system from an air pump (d), toluene vapour is gener-
ated from a bubbling reactor (a). The air flow rate (200 ml/min) and
the concentrations of toluene vapour are controlled by the gas flow
controller (f). The mixed gas sample and adsorption-treated gas
sample can be collected by 100 ml glass injector from the
dynamic gas mixing apparatus (e) and outlets ( j/k), respectively.

2.4.2. Experimental methods: The adsorption behaviours of toluene
on adsorbents (MMHPC and MCM-41) were studied. Before each
adsorption experiment, samples were outgassed under vacuum at
the temperature of 110 °C for at least 12 h. The effects of toluene
concentration, temperature and bed height were researched. The
concentrations of toluene were controlled in the range between
389 and 3869 mg/m3. The temperatures used for the adsorption
experiments were 25, 35 and 45 °C. Bed heights were in the
range 5–15 mm. Gas chromatography (SP-3420A) was utilised to
measure the toluene concentrations. The amount of toluene
adsorbed on the adsorbents (qe) was determined from the initial ad-
sorption column weight and the saturated adsorption column weight
(calculated by analytic balance) by the following equation

qe =
me − m0

m0
(1)

where m0 (mg) and me (mg) are the mass of the initial and saturated
adsorption column, respectively.

In the adsorption curve, the breakthrough time was defined when
the output concentration (C ) reached 10% of the inlet concentration
(C0) (min), and the saturation time was defined when the output
concentration (C ) reached 95% of the inlet concentration (C0)
(min).

3. Results and discussion
3.1. Material properties: The appearances of MCM-41 and
MMHPC observed by a SEM are shown in Fig. 3. The club
shaped morphology for the silica template MCM-41 with uniform
particle size is shown in Fig. 3c. The SEM photographs show
that MMHPC possess layered and porous structure.
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Fig. 4 Transmission electron microscope images of adsorbents
a MCM-41
b MMHPC

Fig. 6 Nitrogen adsorption–desorption isotherms at 77 K for adsorbents
The TEM of MCM-41 gives the regular pore image in Fig. 4a.
The TEM image shows that MCM-41 has a uniform pore distribu-
tion and regular hexagonal array of uniform channels [20, 21].
Fig. 4b shows uniform mesopore distribution of MMHPC. The
elemental analysis of MMHPC is shown in Fig. 5 by energy disper-
sive spectromicroscopy (EDS). EDS indicates that MMHPC has
partly ordered mesopore structure with silica framework removed.

Fig. 6 presents the nitrogen adsorption isotherms of MCM-41
and MMHPC. The uniform pronounced capillary condensation
step of MCM-41 and MMHPC exhibits a type IV isotherm accord-
ing to International Union of Pure and Applied Chemistry (IUPAC)
classification [22]. The presence of hysteresis loop is corresponding
to essentially mesoporous materials [23]. The pore structural
parameters of the adsorbents obtained from the interpretation of
nitrogen isotherm are given in Table 1. From Fig. 6 and Table 1,
it can be observed that the adsorbents show different surface area,
pore volume and microporous ratio. MCM-41 shows the large
pore volume and the small micropore volume. MMHPC possesses
the largest micropore volume.

Fig. 7 depicts pore size distributions for adsorbents. The adsor-
bents have different porosity distributions. MCM-41 possesses
rich amount of mesopores at around 2.85 nm. MMHPC has both
micropores (with peaks around 0.40–0.60 and 1.20–1.40 nm) and
small mesopores at around 3.7 nm.

3.2. Adsorbing toluene properties of adsorbents: Adsorption
experiments for toluene, 1750 mg/m3 (C0), with MCM-41 and
MMHPC were carried out. The temperature used for the
experiments was 25 °C. The fixed bed reactor was filled with 1
cm adsorbents. The adsorption capacities of MCM-41 and
MMHPC under this condition are presented in Table 2 and the
adsorption curves are shown in Fig. 8. Fig. 8 and Table 2
indicate that MCM-41 and MMHPC have different adsorption
toluene capacities. Table 2 also summarises the amount of
toluene adsorbed on the three adsorbents at equilibrium and the
breakthrough time (C/C0 = 0.1) and the saturation time (C/C0 =
0.95). For MMHPC, the adsorption capacity for toluene is 358.8
mg/g, much higher than that of MCM-41 (79.41 mg/g). The
Fig. 5 Energy dispersive spectromicroscopy of MMHPC
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breakthrough time for MCM-41 and MMHPC is 31 and 62 min,
respectively. It can be found that MMHPC shows higher
saturation adsorption capacity (358.8 mg/g) and longer saturation
time (207 min) compared with MCM-41 (79.41 mg/g, 111 min).

From Table 1 it can be concluded that microporous volume and
average pore size are the main parameters that control toluene ad-
sorption capacity [24]. Also, the BET surface area is the key param-
eter for controlling toluene adsorption capacity in this research,
which is consistent with Yang Jiao’s research [25]. With large
microporous volume, MMPHC has large toluene adsorption
amount, which shows that micropores are beneficial to toluene ad-
sorption. It can be concluded that the amount of toluene adsorbed is
largely dependent on the micropore volume, because toluene mol-
ecule size is suitable for adsorption in micropores [26, 27]. Thus, it
is concluded that adsorbents with large specific surface area, suit-
able micropore volume and proper pore size distribution are consid-
ered to have higher toluene adsorption capacity [28].

3.3 Effects of operation factors on toluene adsorption
3.3.1 Effect of inlet concentration on toluene adsorption:
Adsorption curves were obtained by allowing diluted toluene gas
at 200 ml/min at 25 °C to flow through a column where synthesised
C1 were packed. Fig. 9 shows the effect of initial concentration (C0)
on toluene adsorption over 1 cm MMHPC. The temperature of
these experiments is kept at 25 °C. It can be found that the curvilin-
ear trend of the five adsorption curves is obviously identical. The
output concentration is low at the beginning, because of the large
surface area and abundant micropores. After the breakthrough
point (C/C0 = 0.1), a more rapid increase in these curves could be
observed. This demonstrates that toluene adsorption capacity
decreases with the amount of adsorbed toluene. It is shown in
Table 3 that toluene amount increases with initial concentration
changing from 389 to 3869 mg/m3. The higher initial concentration
leads to the shorter breakthrough time and saturation time. This may
be due to the fact that when initial concentration increases, the mass
transfer resistance become higher, which results in insufficient
contact between the adsorbate (toluene) and the adsorbent
(MMHPC) [29, 30].
Table 1 Pore structure characteristic of the adsorbents

Adsorbent MCM-41 MMHPC

SBET, m
2/g 1043.10 859.82

Smic, m
2/g 0 751.64

Smeco, m
2/g 1043.10 108.18

Vtotal, ml/g 0.92 0.43
Vmic, ml/g 0 0.37
Average pore size/(nm) 2.86 3.96
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Fig. 7 Pore size distributions of adsorbents
a MCM-41
b MMHPC

Fig. 8 Breakthrough curves for toluene adsorption over 1 cm of the
adsorbents

Fig. 9 Effect of initial concentration on toluene adsorption

Table 3 Toluene adsorption parameters onto MMHPC at different
concentrations

Initial
concentration, mg/
m

Breakthrough
time, min

Saturation
time, min

Toluene
adsorbed

amount, mg/g

389 111 291 197
904 82 241 288.6
1750 62 207 358.8
2867 35 171 381.9
3869 21 113 426.5
3.3.2 Effect of temperature on toluene adsorption: Fig. 10 reflects
the effect of temperature on toluene adsorption over MMPHC of
1 cm when the initial toluene concentration was 1750 mg/m3. It is
found that the higher the temperature is, the steeper the adsorption
curve is, and the shorter the saturation time is. It can be seen from
Table 4 that the saturated amount of toluene adsorbed decreases
from 358.8 to 246 mg/g with experiment temperature increasing.
The reason may be attributed to the intraparticle resistance of
toluene molecules [31]. The motion of toluene molecules increases
with temperature, which lead to stronger intraparticle resistance.
Thus, toluene molecules are hard to be captured by the adsorbents.

3.3.3 Effect of bed height on toluene adsorption: Fig. 11 is obtained
by allowing 1750 mg/m3 of toluene at 200 ml/min to flow through a
column where MMHPC was packed at 25 °C. From Fig. 11 and
Table 5, it can be concluded that the higher the bed height is, the
flatter the adsorption curve is, which results in longer breakthrough
and saturation time. The amount of saturated toluene adsorption
increases with the increase of bed height. This may be due to the
fact that the higher the bed height is, the larger the amount of the
adsorbents is, which leads to higher toluene adsorption capacity.

3.4 Toluene adsorption isotherm: The toluene adsorption isotherm
on MMPHC is shown in Fig. 12. It can be concluded that the
dynamic adsorption performance for gaseous toluene depends
both on micropores and mesopores. The gaseous toluene is
directly adsorbed into the micropores of MMPHC, leading to a
sharp increase in the toluene adsorption isotherm at low
concentrations (<2000 mg/m3). Then the gaseous toluene passes
through the inside of the mesopores, which causes a flatter
increase (2000–3000 mg/m3) in the toluene adsorption isotherm.
Then another sharp increase (>3000 mg/m3) in the toluene
adsorption isotherm indicates that the gaseous toluene is rapidly
adsorbed into the mesopores of MMHPC.
Adsorption isotherm is important in describing the interaction of

solutes and adsorbent and how to optimise the use of the adsor-
bents. The Langmuir and Freundlich models were utilised to correl-
ate the experimental data of toluene adsorption. Langmuir equation
[32] is the most useful isotherm for both physical and chemical ad-
sorption. It is represented as

1

qe
= 1

KLqm
× 1

C0
+ 1

qm
(2)
Table 2 Toluene adsorption capacities of adsorbents at 1750 mg/m3

Adsorbent Toluene adsorbed
amount, mg/g

Breakthrough
time, min

Saturation
time, min

MCM-41 79.41 31 111
MMHPC 358.8 62 207

Fig. 10 Effect of temperature on toluene adsorption
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Table 4 Toluene adsorption parameters onto MMPHC at different
temperature

Temperature, °
C

Breakthrough
time, min

Saturation
time, min

Toluene adsorbed
amount, mg/g

25 62 207 358.8
35 38 163 287.3
45 21 119 246

Fig. 11 Effect of bed height on toluene adsorption

Table 5 Toluene adsorption parameters onto MMPHC at different bed
heights

Bed
heights, mm

Breakthrough
time, min

Saturation
time, min

Toluene adsorbed
amount, mg/g

5 21 111 218.5
10 62 207 358.8
15 84 295 432.9

Fig. 13 Langmuir isotherm fitting curve

Fig. 14 Freundlich equation fitting curve

Table 6 Relative parameters of Langmuir equation and Freundlich
equation

Langmuir Freundlich

qm KL R2 n KF R2

467.29 0.001862 0.99519 3.07 29.81 0.95889
where qe and qm are the maximum adsorption capacity (mg/g) and
the adsorbed quantity (mg/g), respectively. KL is the Langmuir con-
stant. C0 is the equilibrium concentration (mg/m3).

Freundlich isotherm [33] is an empirical equation utilised to de-
scribe adsorption, usually written as

lg qe =
1

n
lgC0 + lgKF (3)
Fig. 12 Toluene adsorption isotherm on MMHPC
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where KF and n are empirical constants. C0 is the equilibrium con-
centration (mg/m3). The fitting curves are shown in Figs. 13 and 14,
respectively.

From Figs. 13 and 14, it can be observed that adsorption isotherm
of toluene on MMHPC fits Langmuir equation better. Table 6 pre-
sents that the correlation coefficient R2 are 0.99519 and 0.95889
(lager than 0.95), respectively, which means that the adsorption iso-
therm of toluene can fit both Langmuir equation and Freundlich
equation. For the R2 of Langmuir equation is larger, adsorption iso-
therm of toluene on MMHPC fits Langmuir isotherm better. This
may be because that the adsorption active sites distribute evenly
on the surface of MMHPC.
4. Conclusion: To diminish the effects of refractory organic gas on
the environment, the effective adsorbent has been developed by
hard-template method. The main conclusions are shown as follows:

(i) The MMHPC has been synthesised using MCM-41 as hard
template and phenolic resin as carbon source. The MMHPC
has a surface area of 859.8204 m2/g, a large micropore
volume of 0.367725 ml/g and ordered mesopore stucture.
Micro & Nano Letters, 2016, Vol. 11, Iss. 7, pp. 372–377
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(ii) The synthesised MMHPC shows better toluene adsorption
performance than MCM-41 and commercial AC. When the
toluene concentration is 1750 mg/m3, an excellent toluene ad-
sorption capacity of 358.8 mg/g at 25 °C is obtained.

(iii) Large surface area, large volume of narrow microporosity and
proper average pore size are the desired parameters to achieve
strong toluene adsorption capacities.

(iv) The amount of toluene adsorbed on the MMHPC increases
with initial toluene concentration and bed height, and
decreases with temperature. While the breakthrough time
decreases with initial toluene concentration and temperature,
and increases with bed height.

(v) The data obtained from the adsorption experiments are corre-
lated with both Langmuir equation (0.99519) and Freundlich
equation (0.95889). The adsorption isotherm of toluene on
the MMHPC fits the Langmuir isotherm better.
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