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An activated carbon pore-expanding technique was achieved through innovative reactivation by CO,/
microwave. The original and modified activated carbons were characterized by nitrogen adsorption-
desorption, scanning electron microscopy, transmission electron microcopy, and Fourier transform infrared
spectroscopy. The mesopore volume increased from 0.122 cm3-g~! to 0.270 cm®-g~!, and a hierarchical
pore structure was formed. A gradual decrease in the phenolic hydroxyl and carboxyl groups on the surface of
activated carbon enhanced the surface inertia of granular activated carbon (GAC). The toluene desorption rate
of the modified sample increased by 8.81% compared with that of the original GAC. Adsorption isotherm fittings
revealed that the Langmuir model was applicable for the original and modified activated carbons. The isosteric
adsorption heat of toluene on the activated carbon decreased by approximately 50%, which endowed the
modified sample with excellent stability in application. The modified samples showed an enhanced desorption
performance of toluene, thereby opening a way to extend the cycle life and improve the economic performance
of carbon adsorbent in practical engineering applications.
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1. Introduction

In commonly used adsorbents, activated carbon is the most
extensive porous adsorption material [1,2]. The application of activated
carbon involves liquid and gas phase separation in food, catalysis,
medicine, energy storage, and many other national economic fields
[3-6]. Activated carbon, as an efficient and economical adsorbent,
has been recently used for the adsorption removal of environmental
pollutants, particularly for the adsorption treatment process of volatile
organic compounds (VOCs) [7], and occupies most of the market
application space [8,9]. Some novel carbon-based adsorption materials,
such as activated carbon fiber and super active carbon (i.e., Sggr
>2000 m?-g~ 1), emerge as the times require [10,11].

At the macroscopic level, the adsorption capacity of activated carbon
is determined by specific surface area, pore structure, surface properties,
and adsorbate properties. From the microscopic view, the adsorption of
activated carbon is mainly determined by the physical adsorption of van
Edward force and the role of micropore filling and capillary
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condensation. Activated carbon is a typical micro-mesoporous structure
adsorbent. Strong adsorption potential and high adsorption capacity are
generated in the micropore-filling mechanism because the molecular
size of the micropore and the adsorbate is of the same order of magni-
tude. Mesopores provide channels for the adsorbate molecules into
the micropores and rich adsorption sites. The desorption of adsorbed
molecules on the surface of activated carbon is an inverse process of
adsorption, and the desorption performance is directly related to the
cycle life of the activated carbon and the cost of the material. However,
an unsuitable pore structure (as shown in Fig. 1(a): ink bottle-type hole
@, tapered hole @, and beaded hole @) will cause high diffusion
resistance and strong surface adsorption, which significantly increase
the resistance of desorption and make it difficult for some adsorbed
molecules to be removed and retained in the pores of activated carbon.
Moreover, the strong adsorption potential induced by abundant surface
active groups causes the heat release to increase during adsorption
process, which will lead to a sudden rise in the temperature of the
adsorbent bed and cause safety accidents and even explosion. Given
the unfavorable desorption performance and the thermal stability, the
cycle life of activated carbon is shortened [12]. Therefore, this study
focused on the secondary regulation of the pore structure of activated
carbon to expand pore size (as shown in Fig. 1 O-@’, @-©’, and
®-0®') and reduce the surface activity by microwave-induced CO,
activation to improve its desorption performance and the thermal
stability.

1004-9541/© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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Previous researches showed that catalyzing the steam activation pro-
cess by using transition metals or rare earth metal compounds was veri-
fied to be one of the most effective approaches for increasing mesopore
volume of activated carbon [13-15]. Recently, KOH and H3PO, as cheap
and effective activating agents were exploited as catalysts for the steam
activation to regulate the pore size distribution of activated carbon [16,
17]. The preparation of activated carbon typically includes two steps of
high-temperature carbonization and activation. In the process of high-
temperature activation, compared with the traditional heating method
of heat conduction, microwave heating, with its characteristics of fast
heating speed, small temperature gradient, and high energy utilization
rate, is increasingly used as the energy source. Microwave chemistry
has been widely used in preparing and modifying activated carbon in re-
cent years [18-20]. CO, is a pore-forming agent commonly used in the
physical activation process of activated carbon preparation at elevated
temperatures [21,22]. In this study, we selected CO- as the etching gas
to react with the carbon atoms in the active position and the surface ac-
tive groups of the carbon material to form and expand the pore structure
[23]. Innovative microwave-induced carbon dioxide modification on
commercial activated carbon was then formed.

In this study, a commercial coal-based granular activated carbon
(GAC) was selected as the raw material. Under the atmosphere of
pure CO, and microwave irradiation power of 0.8 kW, the activation
time was taken as the experimental variable to conduct the reactivation
modification of activated carbon. The physical and chemical properties
of the modified activated carbon were characterized by specific surface
area and pore size analysis, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), Fourier transform infrared (FTIR)
spectroscopy, and water contact angle. The adsorption-desorption
performance and isosteric adsorption heat of activated carbon were
investigated before and after modification.

This study aims to (1) design a modification method of pore expan-
sion and surface inertia on commercial activated carbon; (2) investigate
the effect of modification on the GAC by CO,/microwave technique; and
(3) examine the desorption properties and the thermal effect of adsorp-
tion by controlling the pore structure and surface properties.

2. Experimental
2.1. COy/microwave modification

10 g of commercial coal-based activated carbon (Shanghai Quanhu
Active Carbon Co., Ltd.) was weighed and placed in boiling water to
boil for 30 min to remove ash and other adsorbed impurities. Subse-
quently, the sample was washed with deionized water several times
until the supernatant became clear. Under vacuum conditions at
383 K, the sample was dried for 15 h. The resulting sample was the
pretreated sample labeled as GAC.

CO,

(b)

Fig. 1. Schematic model for pore structure of the activated carbon before (a) and after (b) CO,/microwave modification.

The GAC was crushed into uniform-sized (approximately 2 mm)
particles before modification. The GAC particles (1 g or so) were placed
in a U-type quartz glass reaction tube fixed in a microwave reactor. First,
high-purity CO, was flushed into the reaction tube at a flow rate of
300 ml-min~ ! for 20 min. With the CO, flow equivalent, the microwave
reactor (microwave frequency of 2.45 GHz) started irradiating at a
power of 0.8 kW for 20 and 40 min. Thereafter, with the microwave
maintaining irradiating, high-purity helium was injected into the reac-
tion tube at the same flow rate for 10 min. The microwave reactor was
shut down, and the sample was cooled down to room temperature in
helium gas atmosphere. The modified activated carbon samples were
designated as GAC-20 and GAC-40.

2.2. Characterization

The specific surface area and pore structure of the activated carbon
samples were evaluated using a Micromeritics ASAP2010 physical
adsorption instrument at 77 K in liquid N,. Surface area was calculated ac-
cording to the standard Brunauer-Emmett-Teller method by using the ad-
sorption data acquired at a relative pressure (P/Pp) ranging from 0.05 to
0.25. The microporous specific surface area and volume were calculated
by the t-plot method. The mesoporous volume was calculated based on
the Barrett-Joyner-Halenda (BJH) method. The total pore volume was
estimated based on the amount adsorbed at a relative pressure of ap-
proximately 0.99. Pore size distribution curves were derived from the
analysis of the adsorption branch of the isotherm according to the BJH
algorithm [24]. SEM characterization was done using an S4700 field
emission scanning electron microscope to observe the apparent mor-
phology of activated carbon, the field emission voltage of which was
15.0 kV. The samples were sprayed via gold treatment before the test.
The TEM characterization was conducted on Tecnai G2 F30. The sample
was dispersed in absolute alcohol and supported on a copper grid before
observation. FTIR spectra were obtained by the KBr method, recorded on
a Bruker Vector-70, and scanned from 4000 cm ™! to 500 cm™~ . The
water contact angles of the samples were measured with a theta optical
tensiometer (KSV Instruments) and electro-optics with a closed-circuit
television camera connected to a computer (Attension Theta software).
A droplet of distilled water (5 pl) was deposited on the surface of the
samples. The water contact angle of each sample was measured three
times, and the average value was recorded [24].

2.3. Adsorption—desorption performance test

The fixed-bed dynamic adsorption-desorption device is shown in
Fig. 2. The device was composed of a gas distribution system, an
adsorption-desorption fixed-bed system, and a detection system. In
the adsorption process, gaseous toluene was generated by bubbling
liquid toluene at 273 K with standard air flow. The flow volume was
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Fig. 2. Schematic diagram of experimental apparatus for dynamic absorption and desorption. The solid line represents the adsorption pipe while the dotted line represents the desorption
pipe. 1-Standard air cylinder; 2-High purity nitrogen gas cylinder; 3-Tee; 4- Mass flow controller; 5-Thermostatic bath; 6-VOCs generator; 7-Buffer; 8-2-way valve; 9-3-way valve;
10-Reaction tube; 11-K type thermocouple; 12-Temperature programmed control instrument; 13-Agilent GC 6890N.

regulated by a mass flow controller. The generated gaseous toluene was
transferred to a buffer by air steam and diluted with air at the required
concentration (8214 mg-m™3). Before adsorption, gaseous toluene flow
(100 ml-min~!) was switched into a gas chromatograph (6890N,
Agilent Technologies Co., Ltd.) through a three-way valve for detecting
gas concentration until stability. Gaseous toluene was passed directly
through a sample column at 303 K. The column (8 mm in diameter)
was packed with the adsorbent of approximately 0.5 g. The inlet and
outlet toluene concentrations were monitored online by the gas chro-
matograph equipped with a flame ionization detector [24]. In the de-
sorption process, N, was selected as sweep gas at a flow rate of
20 ml-min~'. At the beginning of the desorption process, N, was
purged into the sample column, and the tube furnace was turned on
to heat up to 393 K at a heating rate of 10 K-min~ . The outlet toluene
concentrations were monitored online by the gas chromatograph, and
the entire process of desorption lasted for 120 min [25]. The adsorption
and desorption capacities were determined by the gravimetric method,
i.e., the quality changes of the adsorbent before and after both processes
were used to obtain the data of adsorption and desorption capacities.

2.4. Determination of adsorption heat

The activated carbon adsorption isotherms of toluene using the
dynamic adsorption device were determined. The equilibrium adsorp-
tion amount of toluene was measured under six different partial
pressures at 303, 318, and 333 K by adjusting the concentration of
toluene mixed gas corresponding to different toluene vapor pressures.
The Langmuir model can well describe the characteristics of toluene
molecules adsorbed on activated carbon at a low pressure. The adsorp-
tion process cannot be considered single-molecule-layer adsorption

because of the existence of multilayer adsorption and capillary conden-
sation at a high pressure. Therefore, the Langmuir model cannot
generate a good fitting effect at a high pressure. For the description of
activated carbon and other microporous adsorbents, the Langmuir
model can well fit the adsorption process effectively at medium and
low pressures [26,27]. In this study, the activated carbon adsorption
isotherms of toluene were achieved by nonlinear fitting using the
Langmuir isotherm equation. In the medium- and low-pressure
sections, the adsorption heat data were calculated by using the
Clausius-Clapeyron equation to reflect the change in adsorption inten-
sity before and after modification.
The Langmuir isotherm equation is expressed as follows:

qe KP

G 1K’ M

where . is the amount adsorbed at equilibrium (g-g~ '), qm is the
saturation capacity of the adsorbent (g-g~1!), Kis the Langmuir constant
(m3-g~1), and Pis the partial pressure of toluene in air (Pa).

The Clausius-Clapeyron equation can be expressed as follows [28]:

0 InP
AHS:RT< a7 )r, (2)

and its integral form is expressed as follows:

InP = constant— %, (3)

Table 1

Texture parameters of GAC, GAC-20, and GAC-400
Sample SBET/l_r12 . g_ ! Smicro/rﬂ2 ° g_1 Sexternal/m2 : g_1 Vpore /Cm3 : g_ ! Vmicro/cn-l3 : g_ ! Vmeso/cn-l3 : g_ ! Vmeso/vpore Dpore/nm
GAC 490 262 228 0.254 0.132 0.122 48.03% 2.1
GAC-20 621 138 483 0.351 0.081 0.270 76.92% 23
GAC-40 586 207 379 0324 0.121 0.203 62.65% 22
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where I indicates that the adsorption capacity is constant, AHs is the
isosteric adsorption heat (J-mol™!), R is the universal gas constant
(8314 ]-kg~'-K™ 1), and T is the temperature (K).

Combined with the Langmuir isotherm equations, the isosteric
adsorption heat AH, was linear fitted using the plot of In P versus }
and calculated by Eq. (3) at the same equilibrium adsorption amount
e [29].
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3. Results and Discussion
3.1. Physicochemical and textural characteristics
In the physical activation process of activated carbon with CO, as an

oxidative activation gas, CO, reacts with the carbon atoms in the active po-
sition and the surface active groups of the carbon material to form and
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Fig. 3. Characterization of texture properties of GAC and GAC-20: (a) N, absorption-desorption isotherms and pore size distribution; (b) scanning electron microscope (SEM) images;
(c) transmission electron microcopy (TEM) images (Ellipse marking areas displaying the microstructure of hierarchical pore formed).


Image of Fig. 3

W. Qiu et al. / Chinese Journal of Chemical Engineering 26 (2018) 81-88 85

expand the pore structure, which is bound to contain changes in the mass
of activated carbon [30,31]. Therefore, the reaction degree of the modifica-
tion experiments can be determined by the mass loss of GAC. In this exper-
iment, the mass losses of GAC after microwave irradiation for 20 and
40 min were 29.3 and 34.8 mg-g~ !, respectively. This result indicated
that, with the extension of reaction time, the mass loss of activated carbon
increased, whereas the yield decreased.

The partially burning loss of functional groups on the surface of
activated carbon and the residual volatile matter of the carbon materials
in a high-temperature environment will also increase the mass loss of
the modified activated carbon [32].

3.1.1. Textural property characterization

The physical structure parameters of GAC, GAC-20, and GAC-40 based
on N, adsorption and desorption curves at 77 K are listed in Table 1. The
specific surface area Sggr and total pore volume Vi, of the activated car-
bon after the CO,/microwave modification treatment were significantly
improved. The reason may be the formation of considerable micropores
and mesopores and the opening of closed pores [10,23]. The micropore
area Spicro and micropore volume Viy;cro of GAC-20 and GAC-40 decreased,
whereas the specific surface area of mesopores and macropores Sexternal
and mesopore volume Vi, significantly increased. The mesopore vol-
ume of GAC-20 increased from 0.122 cm?-g~ ! t0 0.270 cm?-g~ ! com-
pared with that of GAC, indicating that the micropores were expanded
and that more mesopores were produced after modification.

Given that GAC-20 showed a better effect on pore expansion after
the CO,/microwave modification, GAC and GAC-20 were selected as
the follow-up research subjects. The adsorption and desorption studies
of nitrogen on GAC and GAC-20 were conducted to characterize their
pore structure. The nitrogen adsorption and desorption isotherm curves
at 77 K are shown in Fig. 3(a). GAC and GAC-20 exhibited a type I
isotherm according to the International Union of Pure and Applied

Chemistry (IUPAC) classification (IUPAC, 2015) [33]. In both cases, the
nitrogen adsorption isotherms showed three typical steps with the
increase in relative pressure. First, at a relative pressure of approximately
0.05, the N, adsorption amount of the two reached high levels
(>125cm>-g~ 1), indicating that the adsorption curve exhibited a steep in-
crease in the region of low pressure, which represented adsorption or con-
densation in small micropores. With the increase in relative pressure, the
adsorption capacity increased slowly until it reached a “plateau”, the stage
which represented the progressive filling of larger micropores and
mesopores. At this stage, GAC-20 had a greater growth slope, and the “pla-
teau” appeared at a higher relative pressure than that of GAC, indicating
that GAC-20 had a more abundant mesopore and a larger micropore vol-
ume. Finally, the adsorption amount increased abruptly near the satura-
tion pressure of nitrogen because of active capillary condensation. When
the desorption process attached to the intermediate relative pressure sec-
tion, a type H4 hysteresis loop (IUPAC, 2015) appeared, indicating that
GAC and GAC-20 were typically micro-mesoporous materials. The hyster-
esis loop size of GAC-20 diminished compared with that of GAC, indicating
that N, desorption resistance decreased. The pore size distribution curves
based on the BJH method are also shown in Fig. 3(a). After modification,
the distribution amount of pore in mesopore size significantly increased,
and the right shift of the fall point of GAC-20 was observed, indicating
that the distribution width of mesopore increased and that larger
mesopores were produced. The average pore size increased from 2.1 nm
to 2.3 nm, as shown in Table 1, which indicated that the overall size of
the channel became larger, and the effect of pore expansion was obvious.
Fig. 3(b) shows the scanning electron micrographs of GAC and GAC-
20 with surface magnification of 15000 times. GAC-20 maintained
essentially the same surface topography as that of GAC. The surface struc-
tures of GAC and GAC-20 were quite complex, with the surface appear-
ance of folds, irregularities, defects, and richness of macropores, which
endowed the activated carbon with excellent adsorption properties.
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Fig. 4. Characterization of surface properties of GAC and GAC-20: (a) Fourier transform infrared spectroscopy (FT-IR) analysis; (b) Water contact angle (photos a water droplet of 5 pl on a

tablet of samples).
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The basic carbon of activated carbon is composed of graphitized
carbon crystallite and ungraphitized non-crystalline carbon. The interac-
tion of non-crystalline carbon and carbon crystallite constitutes the shape
and pore structure of the activated carbon. In the activation process of
amorphous carbon, organic matters and disordered carbon among the
crystal structures are removed to form the pores of activated carbon.
GAC and GAC-20 showed a disordered distribution of ordered lamellar
carbon crystallite stripes, as revealed by the TEM images shown in
Fig. 3(c), which verified the heterogeneous structure of activated carbon
[34,35]. The lattice fringes of GAC-20 were clearer and the distribution
density was more extensive, indicating that the degree of graphite and
the porosity were higher than those of GAC. An irregular pore size be-
tween 2 nm and 10 nm in scale can be clearly observed from the TEM
of GAC-20, which indicated the formation of hierarchical pore size.

3.1.2. Surface property characterization

The FTIR spectra of GAC and GAC-20 are shown in Fig. 4. The graph
shows that GAC and GAC-20 had the same peak positions, indicating
that no new chemical bonds and functional groups were created after
modification. The wide and sharp absorption peaks in 3300 cm ™! to
3670 cm~! were attributed to O—H stretching vibration. C=0
stretching vibration was observed in 1650 cm ™! to 1750 cm ™ !. The
weak absorption peak at 1060 cm™! to 1150 cm™ ! indicated the exis-
tence of the asymmetric stretching vibration of C—O0—C [35]. After
modification, the absorption peak intensity GAC-20 in 3200 cm ™! to
3670 cm~ ! and 1650 cm™ ! to 1750 cm™ ! weakened, which indicated
that the numbers of hydroxyl (—O—H), carbonyl (—C=0), carboxyl
(—COOH), and lactone (—COO) on the activated carbon surface had a
certain amount of reduction. Because microwave heating makes high
temperature on the surface of activated carbon, than oxygen functional
groups were set off thermal cracking reaction. The reduction in phenolic
hydroxyl and carboxyl acid groups can decrease the surface acidity of
activated carbon. Studies have shown that a decrease in the surface
acidity of activated carbon can weaken its adsorption strength to polar
molecules [36], which has a positive effect on the desorption of toluene
molecules with weak polarity on the activated carbon surface.

To identify the surface hydrophobic properties of the samples,
the water contact angles of GAC and GAC-20 were measured and
shown in Fig. 4(b). Both samples showed hydrophobic characteristics
(i.e., water contact angle over 90°). The contact angle of a water droplet
increased from 133.5° to 154.1°, indicating the enhancement of hydro-
phobicity after modification. Enhanced hydrophobicity may be related
to the reduction of hydrophilic groups such as hydroxyl and carboxyl,
which is consistent with the previous findings in FTIR spectra.

3.2. Dynamic adsorption and desorption

The dynamic adsorption breakthrough curves of GAC and GAC-20 on
toluene are shown in Fig. 5(a). The adsorption penetrating time of GAC-
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Fig. 6. Langmuir isotherm fitting curves of GAC and GAC-20 to toluene at 303 K, 318 K, and
333K.

20 compared with that of GAC was prolonged by approximately 50 min,
which indicated a better adsorption performance. The saturated adsorp-
tion capacity of GAC-20 increased from 0.1873 g-g~ ' t0 0.2158 g-g !
compared with that of GAC, and the adsorption performance was
significantly improved on account of channel expansion of activated
carbon.

The dynamic desorption experiment was conducted on the activated
carbon sample-saturated adsorption of toluene at 393 K for 2 h, and
the dynamic desorption curves were obtained, as shown in Fig. 5(b).
The graph presents that GAC-20 showed a higher instantaneous desorp-
tion concentration than that of GAC, and the highest desorption concen-
tration of GAC-20 was higher than that of GAC by approximately
2000 mg-m~>. A high instantaneous desorption concentration corre-
sponds to a high desorption rate. The desorption amount and desorption
rate of toluene obtained by the weighting method are shown in Table 2.
The desorption rate of the modified GAC-20 increased from 69.70% to
78.51%, which was improved by 8.81%, indicating that mesoporous in-
creases contribute to activated carbon desorption for toluene molecules.

Table 2
Adsorption and desorption properties of GAC and GAC-20

Sample Adsorbent Adsorption Saturated adsorption Desorption Desorption

mass/g amount/g  amount /g-g "' quantity/g rate/%
GAC 0.5087 0.0953 0.1873 0.0664 69.70
GAC-20 0.5077 0.1095 0.2158 0.0860 78.51

140000
120000 (b)
100000
=
% 80000
S 60000
40000
——GAC
20000 ——GAC-20
0

T

T T
0 20 40 60 80 100 120
t/min

Fig. 5. Dynamic adsorption breakthrough curves (a) and desorption curves (b) of GAC and GAC-20; Adsorption conditions: adsorbent (0.5 g), GHSV (12000 ml-h~—'-g~1), inlet toluene
concentration 8214 mg-m >, adsorption temperature (303 K); Desorption conditions: flow volume of N, (20 ml-min~!), desorption temperature (393 K), desorption time (120 min).
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Table 3-1

Equilibrium adsorption amount of toluene on GAC under different pressures and temperatures

Serial number Flow rate GAC
.min—!
Q/ml-min 303K 318K 333K
P/kPa qe/mg-g ! P/kPa qe/mg-g ! P/kPa ge/mg-g !
1 50 0.0225 138.7 0.0236 105.6 0.0247 68.7
2 50 0.0563 164.7 0.0590 139.6 0.0618 100.5
3 50 0.1125 1813 0.1181 1504 0.1237 111.1
4 50 0.2250 189.3 0.2362 158.1 0.2473 126.8
5 50 0.4501 190.0 0.4723 166.8 0.4946 1339
6 50 0.9001 1929 0.9447 167.3 0.9892 135.1
Table 3-2
Equilibrium adsorption amount of toluene on GAC-20 under different pressures and temperatures
Serial number Flow rate GAC-20
.min~—!
Q/ml-min 303K 318K 333K
P/kPa ge/mg-g ! P/kPa qe/mg-g ! P/kPa qe/mg-g !
1 50 0.0225 98.4 0.0236 79.9 0.0247 67.1
2 50 0.0563 150.4 0.0590 127.7 0.0618 96.1
3 50 0.1125 191.6 0.1181 164.6 0.1237 108.9
4 50 0.2250 218.8 0.2362 1833 0.2473 1134
5 50 0.4501 230.1 0.4723 202.0 0.4946 1233
6 50 0.9001 239.6 0.9447 208.2 0.9892 126.8

3.3. Adsorption model and strength

The isothermal adsorption experiments of GAC and GAC-20 were
conducted under different toluene vapor pressures at 303, 318, and
333 K, and their equilibrium adsorption data under different conditions
were obtained, as listed in Tables 3-1 and 3-2. The Langmuir isotherm
equation was used to fit the equilibrium adsorption data at different
temperatures. The fitting curves and parameters are shown and listed
in Fig. 6 and Table 4, respectively. The chart shows that the Langmuir
simulation results were consistent with the experimental values. The
correlation coefficients (R?) were all more than 0.99, indicating that
the Langmuir isotherm model was suitable for simulating the adsorp-
tion of toluene on GAC and GAC-20.

Table 4
Fitting parameters of Langmuir isotherm

Sample T/K Langmuir equation
qm/mg-g " K R
GAC 303 194.9 0.1142 0.9936
318 169.8 0.0766 0.9937
333 138.6 0.0442 0.9923
GAC-20 303 248.8 0.0326 0.9983
318 217.2 0.0287 0.9985
333 161.6 0.0469 0.9953

Using the isotherm equations under different temperatures deter-
mined by the Langmuir isotherm fitting results, we could calculate the
corresponding toluene pressure P at 303, 318, and 333 K by integrating
the equilibrium adsorption capacity g. into the isotherm equations at
60, 70, 80, 90, 100, and 110 mg-g~ '. Then, the isosteric adsorption
heat AH; was linear fitted using the plot of In P versus 1/T and calculated
by the Clausius-Clapeyron equation (Eq. (3)) [28,29]. The result is
shown in Fig. 7. The graph presents that the isosteric heat of adsorption
increased nonlinearly with increasing equilibrium adsorption capacity.
According to the ideal Langmuir model, the adsorption heat should
be independent of coverage [28]. However, in reality, the adsorption

heat varies with coverage depending on surface heterogeneity and
sorbate-sorbate interaction. The isosteric adsorption heat of GAC-20
decreased by approximately 20 kJ-mol ! after modification, indicating
that the heat release of toluene molecules adsorbed on the GAC-20 sur-
face decreased and that the adsorption strength weakened. This finding
explained the improvement of desorption efficiency from the view of
thermodynamics.

4. Conclusions

A method for reactivating activated carbon by CO,/microwave
was explored to regulate its pore structure to improve adsorption-
desorption performance. In contrast to those of GAC, the adsorption
and desorption performances of GAC-20 were significantly improved.
The pore size was obviously expanded and the surface active groups
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Fig. 7. Isosteric adsorption heat curves of GAC and GAC-20 with g, at 60, 70, 80, 90, 100,
and 110 mg-g~".
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decreased, which contributed to the desorption of toluene molecules on
activated carbon. The Langmuir model can well describe the adsorption
of toluene on activated carbon. The isosteric adsorption heat results
showed that the adsorption strength of toluene molecules on the
modified activated carbon weakened, which can significantly improve
the cycle life and stability of activated carbon in practical engineering
applications.
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