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Abstract The carbon molecular sieves (CMSs) prepared by

carbonaceous materials as precursors are effective in CO2/

N2 separation. However, selectivity of these materials is too

low, since hydrocarbon cracking for developing the desired

microporosity in carbonaceous materials has not been done

effectively. Hence, in this study, cobalt and nickel impreg-

nation on the precursor was conducted to introduce catalysts

for hydrocarbon cracking. Cobalt and nickel impregnation,

carbonization under N2 atmosphere, and chemical vapor

deposition (CVD) by benzene were conducted on the

extruded mixtures of activated carbon and coal tar pitch

under different conditions to prepare CMSs. The best CMS

prepared by carbon deposition on the cobalt-impregnated

samples exhibited CO2 adsorption capacity of 54.79 mg/g

and uptake ratio of 28.9 at 0 �C and 1 bar. In terms of CO2

adsorption capacity and uptake ratio, CMSs prepared by

carbon deposition on non-impregnated and cobalt-impreg-

nated samples presented the best results, respectively. As

benzene concentration and CVD time increased, equilibrium

adsorption capacity of CO2 decreased, and uptake ratio

increased. Cobalt was found to be the best catalyst for ben-

zene cracking in the CVD process.

Keywords CO2 separation � CO2/N2 mixture � Carbon
molecular sieve � Metal impregnation

Introduction

Emission of greenhouse gases, such as CO2, has recently

increased significantly, causing a considerable climate

change due to global warming (Xu et al. 2003; Chaffee et al.

2007). Industrial flue gas (composed of 70% N2 and 15%

CO2) is a major source of CO2 (Zhang et al. 2013).

Accordingly, in recent years, many scientists have tried to

develop new technologies to separate CO2 from flue gas. For

example, alkanolamine solvents can be used for large-scale

CO2 separation. However, this technology has some disad-

vantages (e.g., high energy consumption, corrosion of

equipment, and toxicity) that limit its application. Conse-

quently, there is an increasing interest in developing new

separation methods. Porous solids offer an alternative

method for CO2 separation from CO2/N2 mixture (Yang

1987;Kikkinides et al. 1993;Ruthven et al. 1993; Sircar et al.

1996; Siriwardane et al. 2001; Na et al. 2002; Ho et al. 2008).

Adsorption process is one of the most promising technolo-

gies for the removal of pollutants (Zare et al. 2015; Ganiyu

et al. 2016; Saleh 2016; Saleh and Danmaliki 2016; Dan-

maliki and Saleh 2017; Danmaliki et al. 2017). In effect,

various porous adsorbents, such as zeolites, silica, metal

organic frameworks (MOFs), and carbonaceous materials,

have been utilized as potential candidates for CO2/N2 sepa-

ration (Xu et al. 2002; Akten et al. 2003; Cavenati et al. 2004;

Bourrelly et al. 2005; Franchi et al. 2005;Himeno et al. 2005;

Millward and Yaghi 2005; Harlick and Sayari 2007; Yang

et al. 2008; Drage et al. 2009). In the last decades, much

attention was focused on more porous adsorbents which are

highly selective, consistently reliable, productively efficient,

and easily regenerable (Danmaliki et al. 2017). Among these

adsorbents, CMSs exhibit some advantages including

excellent and sharp selectivity for the adsorption of planar

molecules, higher resistance to alkaline and acid media,
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greater thermal stability in nonoxidizing atmospheres,

higher hydrophobicity, the possibility of tailoring their tex-

tural and chemical properties through pre- and post-synthesis

methods, and larger adsorbate packing density in their slit-

shaped micropores (Hu and Vansant 1995a; Adinata et al.

2007; Wahby et al. 2010).

Activated carbon has a high surface area, a high adsorp-

tive capacity, is easily regenerated, and can be synthesized

from a variety of sources such as sewage sludge, waste

rubber tires, wood, and lignocellulosic biomass (Danmaliki

et al. 2017). However, activated carbons contain pores in a

wide range of sizes and do not show any selectivity in the

adsorption of molecules of similar dimensions. To further

utilize its full potential as a superior adsorbent, activated

carbon can bemodified using certain treatments such asCVD

process (Ganiyu et al. 2016; Saleh and Gupta 2016; Dan-

maliki et al. 2017). The CVD process onto activated carbon

reduces its pore size to obtain carbon molecular sieves.

CMSs are carbonaceous materials characterized by a very

narrow micropore size distribution. This feature allows

CMSs to separatemolecules based on their size and shape (de

Salazar et al. 2000; Rodriguez-Blanco et al. 2010). These

materials arewidely used inmany fields such as catalysis and

gas mixture separation due to their excellent properties

(Schmiit 1991; Foley 1995; Kane et al. 1996; Burchell et al.

1997). CMSs can be obtained from a variety of carbonaceous

precursors, including lignocellulosicmaterials, coals, carbon

fibers, pitch, and polymers such as polyvinylidene chloride,

polyacrylonitrile, and phenol formaldehyde (Kawabuchi

et al. 1997). These adsorbents are prepared by different

approaches, including pyrolysis of polymers, controlled

gasification of chars to increase pore size, thermal treatment

of a carbon precursor to modify pore size, carbon deposition

in the mouth of pores, and modification of coals by mixing

them with tars and resins and the subsequent carbonization

(Mieville and Robinson 1994; Jüntgen 1977; Marsh et al.

1984; Verma and Walker 1990; Miura et al. 1991; Mochida

et al. 1995; Hu and Vansant 1995b; Burchell et al. 1997;

Kawabuchi et al. 1997, 1998, la Casa-Lillo et al. 1998, 2002;

Alcaniz-Monge et al. 1999; Hayashi 1999).

Recently, much effort has been devoted to separating CO2

fromaCO2/N2mixture by adsorption.However, in the field of

CO2/N2 separation, a clear gap can be observed in the

preparation of an efficient adsorbent.Hence, themain purpose

of this study was producing the best type of adsorbent which

can be utilized to separate CO2 from a CO2/N2 mixture.

Peach stone-activated carbon is a good carbon precursor

and has a regular porous structure. The carbonwas chosen for

producing carbonic materials in this work. Previous studies

have shown that cobalt and nickel can be successfully used as

catalysts for cracking aromatics such as benzene (Prasetyo

and Do 1999; Wang et al. 2005; Sarvaramini and Larachi

2012; Liu et al. 2013). In this study, coal tar pitch was used as

a binder to prepare extruded samples. Using coal tar pitch

gives mechanical stability to CMSs.

The CMSs prepared by carbonaceous materials as pre-

cursors are effective in CO2/N2 separation. However,

selectivity of these materials is too low. Although many

researchers have proposed various methods to narrow pores

of the adsorbents which have been prepared by pyrolysis of

synthetic and natural precursors, an acceptable method for

developing the desirable microporosity in carbonaceous

materials has not been presented (Tae-Hwan et al. 2002).

Hence, in this study, cobalt and nickel impregnation on the

precursor was conducted to introduce catalysts for hydro-

carbon cracking. It was also noted that, in CVD process,

hydrocarbon molecules in the chemical vapor are first

adsorbed into the sample and are then pyrolyzed in the

form of carbon on the surface of the pores.

This study was also undertaken to find the optimum

condition for metal impregnation, carbonization, and CVD

processes. This optimization was conducted using the

experimental design method.

Materials and methods

Sample preparation

Commercial peach stone-activated carbon was obtained from

Part Chemical Company (Iran). This precursor was ball-mil-

led and sieved to 150 lm. The powdered, activated carbon

was mixed with 30 and 40% by weight of coal tar pitch,

extruded to 2 mm diameter, and then dried at room

temperature.

Metal impregnation

The metals chosen for impregnation were cobalt and nickel.

One-percent (by weight) solutions of cobalt and nickel

derived from their nitrate saltswere chosen for impregnation.

One-hundredth g of the extruded sample was soaked in 2 ml

of the metal nitrate solution at room temperature with

intermittent shaking for 72 h. The extruded samples were

then filtered out and gently washed with distilled water to

remove the excess solution from their surfaces. The washed

samples were then air-dried at room temperature for 24 h.

Carbonization and activation

The extruded samples were carbonized in a tubular furnace

in the presence of N2 at a constant rate of 80 cm3/min. The

temperature was increased from the room temperature to a

selected temperature at a certain rate. Further carbonization

was conducted at the final temperature for 1 h to decom-

pose and disperse the metal salts into the bulk of the
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samples. The carbonized samples were then activated at

800 �C under the CO2 flow rate of 120 cm3/min for

30 min. The carbonized samples were denoted as CAR-x-

y-z-k, where x, y, z, and k designate final temperature,

heating rate, type of the metal used in the impregnation

process, and activated carbon percentage, respectively.

Carbonization and activation

The CVD process was carried out using coke deposition

via benzene cracking. Benzene cracking was performed in

the presence of a N2 stream containing different benzene

concentrations. The main parts of the CVD process were a

bubbler for producing benzene vapor in the N2 stream and

a tubular furnace.

After the activation process, the temperature of the reactor

was brought to a selected temperature, and the sample was

maintained at that temperature for 30 min. Having gone

through a bubbler that contained benzene, the N2 stream

(100 ml/min) was passed through the reactor for 0.5, 1, or

1.5 h. The bubbler was then disconnected, and the samples

were kept under N2 atmosphere at the same temperature for

30 min. CMSs were denoted as CMS-u-v-w-h, where u, v,w,

and h designate the number of the carbonized sample used to

produce theCMS,CVDprocess temperature, soaking time in

the CVD process, and benzene concentration, respectively.

Characterization

Gas adsorption measurements are widely applied for the

characterization of a variety of porous solids (Saleh 2015).

In this study, the structure of the CMSs was analyzed by

CO2 adsorption at 0 �C. The Dubinin–Radushkevich (DR)

(Dubinin 1989) equation was used to calculate the volume

and surface area of ultra-micropores (pore size\0.7 nm) at

low relative pressures (P/P0\ 0.015) (Rodriguezreinoso

and Linaressolano 1989).

Microporous carbons can be characterized by the

Dubinin’s theory. In its basic form, the Dubinin–

Radushkevich equation can be written as:

W

W0

¼ exp � RT
ln P

P0

� �

E0b

0
@

1
A

2
2
64

3
75

where W is the amount adsorbed at relative pressure (P/P0)

and temperature T, and W0 is the limiting amount as

pressure (P) tends toward vapor pressure (P0). E0 is the

characteristic energy of a reference adsorbate (normally

benzene) with respect to the solid. The effect of the

adsorbate is represented by the affinity coefficient (b). In
this study, b(CO2) = 0.35 was used, as established in

previous studies. The characteristic curve of a system was

obtained by plotting log (W) versus log2 (P0/P). If the D–R

equation was applicable, the plot would be a straight line

with a slope -(RT/E0b)
2 and an intercept log (W0), from

which E0 andW0 can be obtained. Once the value of E0 was

known from the D–R equation, mean ultra-micropores

width (L0) was calculated by applying the Stoeckli

equation (Stoeckli 1995; Nguyen and Do 2001):

L0 nmð Þ ¼ 10:8= E0 � 11:4KJ/molð Þ

surface area of ultra-micropores (Smic) was obtained by the

following equation given by Stoeckli, which is valid for

carbon adsorbents with slit-shaped micropores (Stoeckli

and Centeno 1997):

Smic m2=g
� �

¼ 2000W0 cm3=g
� �

=L0 nmð Þ:

The morphology and qualitative elemental composition of

CMSs were determined by scanning electron microscopy

(SEM) and energy-dispersive X-ray spectroscopy (EDX),

respectively (Saleh and Gupta 2016). EDS and SEM were

performed by a scanning electron microscope made by Zeiss

Co.

CO2 and N2 adsorption experiments

Adsorption isotherms of CO2 and N2 were measured using a

homemade manometric apparatus. The schematic diagram of

the apparatus is presented inFig. 1.The systemconsists of two

cells, a feed cylinder, three pressure indicators, a constant

temperature bath, and a PT100 RTD temperature sensor.

First, 0.5 g of the sample was placed in an adsorption

cell. The experiment was initiated when the temperature of

the loading and adsorption cells reached 0 �C. Second, the
valve 12 was opened until the pressure in the loading cell

reached a certain level. Third, the valve 11 was opened and

instantly closed afterward. The pressure was recorded

twice: first immediately after closing the valve and the

second time when the pressure is constant. Fourth, the third

stage was repeated until the pressure of the adsorption cell

was in the range of 0–6 bar for CO2 adsorption and 0–1 bar

for N2 adsorption. The following equation was used for

calculating the adsorbed amount:

n ¼
P1
L � P2

L

� �
VL

ZRT
�

P1
A � P2

A

� �
VA

ZRT

where P is pressure (Pascal), V is volume of cells (cum), R

is gas constant, T is temperature (K), Z is compressibility

factor, and n is the adsorbed amount (mole). The subscripts

A and B are used for adsorption and loading cells,

respectively. The adsorption capacity (mg/g) was

calculated using the following equation:
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q ¼ n

m
:

In an attempt to better understand reusability of the best

CMS produced in this study, a regeneration process was

considered. This process was performed at 90 �C and

10 mbar.

The CO2 (purity [99.99 mol%) and N2 (purity

[99.99 mol%) gases used in this study were obtained from

Farafan Gas Company.

Design of experiments

Taguchi experimental design is an excellent tool for con-

ducting a simple and robust systematic investigation on

complex processes. The heating rate has a significant

impact on the evaporation rate of volatile substances from

an adsorbent in the carbonization process (Saufi and Ismail

2004). Carbonization can cause some increase in the vol-

ume of micropores. However, the process at a high tem-

perature produces a decrease in the narrow volume of

micropores, and some mesoporosity is developed. An

increase in coal tar pitch percentage leads to narrow pore

size distribution (Alcañiz-Monge et al. 2012). In the CVD

process at a high temperature, a significant number of

benzene molecules are involved in cracking in the N2

stream and do not have the ability to enter the carbon

sample (Kawabuchi et al. 1998). The CVD process is used

to develop desired microporosity in carbonaceous materi-

als. However, an uncontrollable increase in benzene con-

centration and cracking time can lead to an equilibrium

capacity decrease in the CMS (David et al. 2004). Thus, the

effects of the four main factors involved in the car-

bonization process (i.e., heating rate, final temperature,

activated carbon percentage, and metal impregnation type)

and the effects of the five main factors involved in the CVD

process (i.e., benzene concentration, CVD time, activated

carbon percentage, CVD temperature, and the carbonized

sample type by which the CMS was produced) were

investigated. Eighteen adsorption runs were carried out for

each process based on the L18 design array. The volume

and surface area of ultra-micropores, equilibrium adsorp-

tion capacity1 of CO2, and uptake ratio2 at 1 bar were

selected as the response of the experiments. Results were

analyzed using Minitab version 16 for windows.

Results and discussion

Carbonization

Adsorption isotherms of carbonized samples

CO2 and N2 adsorption isotherms of some carbonized

samples at 0 �C are shown in Fig. 2. The measurements

were repeated several times, and the adsorption capacities

obtained had errors between 1.6 and 3%.

The isotherms for CO2 are more desired than those for N2

due to the physical and chemical properties of the adsorbates.

Firstly, the critical temperature of CO2 (304.3 K) is greater

than that of N2 (127.15 K). Consequently, under the exper-

imental conditions (i.e., at a constant temperature and pres-

sure), CO2 is more likely to behave as a condensable steam

Fig. 1 Schematic diagram of the manometric apparatus: 1 feed cylinder, 2 loading cell, 3 adsorption cell, 4 Constant temperature bath, 5–7

pressure indicator, 8–18 needle valve, 19 ball valve

1 Equilibrium adsorption capacity is defined as the gaseous quantity

adsorbed by the unit weight of adsorbent in equilibrium conditions.
2 Uptake ratio is defined as the ratio of CO2 adsorption capacity to N2

adsorption capacity under a given pressure.
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than N2, which acts as a supercritical gas. Secondly, the

diffusion velocity of CO2 is higher than that of N2. Thirdly,

CO2 possesses higher polarizability, which may increase the

attractive forces between CO2 and the surface. In addition,

CO2 has a permanent quadrupole, which causes stronger

interactions with the solid surface (Ning et al. 2012; Rios

et al. 2013). The adsorption isotherms follow the type l iso-

therm according to the International Union of Pure Applied

Chemistry (IUPAC). The type l isotherm is typical of

microporousmaterials, inwhichmicropores are significantly

filled at relatively low partial pressures, and the adsorption

process completes at higher pressures (Kim et al. 2005).

The D–R equation was fitted on the adsorption isotherms

of the carbonized samples at relatively low pressures (P/

P0\ 0.015). The results are presented in the next section.

Characteristics of carbonized samples

As stated in the experimental section, structural charac-

terization of the carbonized samples was obtained based on

the adsorption isotherms, as shown in Table 1.

The effects of carbonization process parameters on the

volume and surface area of ultra-micropores were evalu-

ated using Minitab version 16.1, as shown in Figs. 3 and 4,

respectively.

Considering Figs. 3 and 4, we can conclude that, com-

pared to temperatures of 700 and 800 �C, temperature of

900 �C has a different impact on ultra-micropores. Car-

bonization at temperatures of 700 and 800 �C increases the

volume and surface area of ultra-micropores, while car-

bonization at temperature of 900 �C decreases the volume

and surface area of ultra-micropores. At temperature up to

700 �C, many of micro- and meso-pores are formed, but

larger pores shrink and convert to micropores at tempera-

tures between 700 and 800 �C. Micropores collapse at

temperatures higher than 800 �C. As Alcañiz-Monge et al.

(2012) said, when samples are heat-treated at temperatures

higher than activation temperature, the narrow volume of

micropores decreases, and some mesoporosity is developed.

With increasing heating rate, the value of the above

parameters reduces. As reported by Islam et al., heating

rate has a significant impact on the evaporation rate of

volatile substances from an adsorbent in the carbonization

process (Saufi and Ismail 2004). Accordingly, at a low

heating rate, production of micropores is facilitated.

It can be seen that an increase in the percentage of coal

tar pitch has no effect on the volume of ultra-micropores,

while it increases surface area of ultra-micropores. This is

important in terms of separation performance.

Regarding the volume and surface area of ultra-micro-

pores, cobalt-impregnated samples have higher values than

nickel-impregnated samples, and non-impregnated samples

have the highest values. This is plausible as adsorbent

pores may be blocked in the impregnation process.

Separation performance of carbonized samples

Parameters such as the equilibrium adsorption capacity of

CO2, the uptake ratio, and the adsorption capacity of CO2

at 1 bar are presented in Table 2. These parameters are

based on the adsorption isotherms of carbonized samples.

The effects of the parameters involved in the car-

bonization process on the equilibrium adsorption capacity

of CO2 and the uptake ratio at 1 bar and 0 �C were
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Fig. 2 CO2 and N2 adsorption

isotherms of some carbonized

samples at 0 �C (error bars are

included for some data points).

The carbonized samples were

denoted as CAR-x-y-z-k, where

x, y, z, and k designate final

temperature, heating rate, type

of the metal used in the

impregnation process, and

activated carbon percentage,

respectively
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evaluated using Minitab version 16.1. The results are

shown in Figs. 5 and 6.

Comparing Figs. 3 and 5 demonstrates that the equi-

librium adsorption capacity of CO2 and the volume of

ultra-micropores behave similarly in different conditions.

Thus, it is concluded that the equilibrium adsorption

capacity of CO2 is directly proportional to the volume of

ultra-micropores (Sevilla and Fuertes 2011; Sevilla et al.

2011). This has been reported in the literature.

As Fig. 6 shows, the cobalt and nickel impregnation

processes increase the uptake ratio of the samples. Previous

investigations have indicated that micropores larger than

7.0 nm are most likely to adsorb N2 (Güzel and Tez 1993;

Cazorla-Amorós et al. 1998; Feng and Bhatia 2003;

Jagiello and Thommes 2004). A larger number of these

micropores (suitable for N2 adsorption), compared to ultra-

micropores (suitable for CO2 adsorption), are blocked in

the impregnation process.

An increase in the percentage of coal tar pitch has a

positive effect on the value of the uptake ratio. This may be

due to the constrictions at the entrance of larger pores,

which are suitable for N2 adsorption. The constrictions are

Table 1 Structural

characterization of the

carbonized samples

Sample Characteristic energy

of adsorption (J/mol)

Ultra-micropores volume

(cm3/g)

Ultra-micropores

surface area (m2/g)

CAR-700-2-AC-70 19,280 0.2148 313

CAR-800-5-Ni-70 21,317 0.1335 245

CAR-900-10-CO-70 19,428 0.1303 193

CAR-800-2-AC-70 19,601 0.2323 352

CAR-900-5-Ni-70 21,014 0.0953 169

CAR-700-10-CO-70 19,688 0.1522 233

CAR-700-5-AC-70 19,151 0.2104 302

CAR-800-10-Ni-70 21,566 0.1286 242

CAR-900-2-CO-70 18,431 0.1461 190

CAR-900-10-AC-60 18,563 0.1682 223

CAR-700-2-Ni-60 22,612 0.1277 265

CAR-800-5-CO-60 20,428 0.1706 285

CAR-900-5-AC-60 18,623 0.1825 244

CAR-700-10-Ni-60 21,963 0.0987 193

CAR-800-2-CO-60 21,561 0.1992 374

CAR-800-10-AC-60 19,643 0.2183 333

CAR-900-2-Ni-60 23,078 0.0906 196

CAR-700-5-CO-60 25,371 0.1695 438

Fig. 3 Effect of the parameters

of the carbonization process on

the volume of ultra-micropores

obtained using CO2 adsorption

isotherm at 0 �C
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caused by the decomposition of coal tar pitch (Alcañiz-

Monge et al. 2012). Lower heating rates are preferable to

produce ultra-micropores and consequently to prepare

samples with higher uptake ratios. This has been concluded

in the literature (Petersen et al. 1997; Suda and Haraya

1997).

At temperatures between 700 and 800 �C, larger pores
shrink and convert to ultra-micropores. Consequently,

regarding the uptake ratio, carbonization in temperatures

ranging from 700 to 800 �C is the best choice.

Chemical vapor deposition

The best samples include 60 and 70% activated carbon. If a

higher percentage of activated carbon is used, extruded

materials will easily lose their shape and become mechani-

cally weak. In addition, using less than 60% activated carbon

in a sample leads to problems in separation performance. In

order to further investigate the effects of the activated carbon

percentage, the best 60 and 70% activated carbon samples

were selected for the CVD process: the non-impregnated

samples CAR-800-2-AC-70 (shown by the number 1) and

Fig. 4 Effect of the parameters

of the carbonization process on

the surface area of ultra-

micropores obtained using CO2

adsorption isotherm at 0 �C

Table 2 Uptake ratio of CO2 to

N2 along with the adsorption

capacities on the carbonized

samples

Sample Uptake ratio

at 1 bar

Adsorption capacity

at 1 bar (mg/g)

Equilibrium adsorption

capacity (mg/g)

CAR-700-2-AC-70 6.9 55.4 149.4

CAR-800-5-Ni-70 11.7 46.9 104.7

CAR-900-10-CO-70 6.6 37.4 102.2

CAR-800-2-AC-70 7.4 63.3 167.0

CAR-900-5-Ni-70 8.9 32.6 80.8

CAR-700-10-CO-70 8.2 45.0 114.9

CAR-700-5-AC-70 7.5 56.0 147.3

CAR-800-10-Ni-70 12.3 45.6 99.7

CAR-900-2-CO-70 6.8 41.5 112.5

CAR-900-10-AC-60 5.6 42.7 122.1

CAR-700-2-Ni-60 12.5 46.7 101.4

CAR-800-5-CO-60 10.7 54.0 125.2

CAR-900-5-AC-60 5.7 46.4 132.0

CAR-700-10-Ni-60 11.6 36.8 82.6

CAR-800-2-CO-60 12.2 66.6 146.2

CAR-800-10-AC-60 9.1 61.1 150.5

CAR-900-2-Ni-60 10.2 34.1 80.5

CAR-700-5-CO-60 10.9 53.9 124.0

Int. J. Environ. Sci. Technol.

123



CAR-800-10-AC-60 (shown by the number 2); the cobalt-

impregnated samples CAR-800-2-CO-60 (shown by the

number 3) and CAR-700-10-CO-70 (shown by the number

4); and the nickel-impregnated samples CAR-800-5-Ni-70

(shown by the number 5) and CAR-700-2-Ni-60 (shown by

the number 6).

Adsorption isotherms of CMSs

CO2 and N2 adsorption isotherms of some CMSs at 0 �C
are shown in Fig. 7. Measurements were repeated several

times, and the adsorption capacities obtained had errors

between 1.8 and 3.3%.

As it can be seen, the CMS prepared by carbon depo-

sition on non-impregnated samples has the highest

adsorption capacity at the beginning of the CO2 adsorption

isotherm. As mentioned previously, this is due to the

presence of ultra-micropores.

The D–R equation was fitted on the adsorption iso-

therms of the CMSs at relatively low pressures (P/

P0\ 0.015). The results are presented in the next section.

Characteristics of CMSs

As stated in the experimental section, structural charac-

terizations of the CMSs were obtained based on the

adsorption isotherms, as shown in Table 3.

Effects of CVD process parameters on volume and sur-

face area of ultra-micropores were evaluated using Minitab

version 16.1, as shown in Figs. 8 and 9, respectively.

As benzene concentration and CVD time increase, the

volume of ultra-micropores decreases. It seems to be

Fig. 5 Effect of the parameters

of the carbonization process on

the equilibrium adsorption

capacity at 0 �C

Fig. 6 Effect of the parameters

of the carbonization process on

the uptake ratio at 1 bar and

0 �C
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natural, because as benzene concentration and CVD time

increase, more benzene molecules enter the sample and

occupy more volume of its pores.

The CVD process has been carried out more at the

temperature of 600 �C than other temperatures. The results

of a study by Kavabuchi et al. indicated that an increase in

the volume of ultra-micropores as a result of an increase in

the temperature of CVD is due to the fact that as the

temperature of CVD increases, a greater numbers of

benzene molecules are involved in cracking in a nitrogen

stream. These benzene molecules are not able to enter the

carbon sample (Kawabuchi et al. 1998).

As mentioned in the carbonization section, an increase

in the percentage of coal tar pitch does not have an impact

on the volume of ultra-micropores, while it increases the

surface area of ultra-micropores. This is important in terms

of separation performance.
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Fig. 7 CO2 and N2 adsorption

isotherms of the some CMSs at

0 �C (error bars are included

for all data). CMSs were

denoted as CMS-u-v-w-h, where

u, v, w, and h designate the

number of the carbonized

sample used to produce the

CMS, CVD process

temperature, soaking time in the

CVD process, and benzene

concentration, respectively

Table 3 Structural

characterization of the samples

prepared by CVD process

Sample Characteristic energy

of adsorption (J/mol)

Ultra-micropores

volume (cm3/g)

Ultra-micropores

surface area (m2/g)

CMS-1-600-0.5-1.2 21,160 0.2574 465

CMS-1-700-1-3.5 21,543 0.2654 498

CMS-1-800-1.5-5.2 21,830 0.2544 491

CMS-2-600-0.5-3.5 23,045 0.2219 480

CMS-2-700-1-5.2 22,658 0.2241 461

CMS-2-800-1.5-1.2 21,991 0.2307 452

CMS-3-600-1-1.2 27,177 0.1098 320

CMS-3-700-1.5-3.5 27,457 0.0932 227

CMS-3-800-0.5-5.2 25,857 0.1145 296

CMS-4-600-1.5-5.2 24,189 0.0652 154

CMS-4-700-0.5-1.2 25,654 0.0943 244

CMS-4-800-1-3.5 24,497 0.0845 204

CMS-5-600-1-5.2 23,588 0.0994 234

CMS-5-700-1.5-1.2 21,659 0.1595 303

CMS-5-800-0.5-3.5 20,766 0.1607 278

CMS-6-600-1.5-3.5 24,900 0.1032 258

CMS-6-700-0.5-5.2 22,334 0.1392 286

CMS-6-800-1-1.2 22,846 0.1536 320
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Separation performance of CMSs

Parameters, such as equilibrium adsorption capacity of

CO2, the uptake ratio, and the adsorption capacity of CO2

at 1 bar, obtained based on adsorption isotherms of CMSs.

The results are presented in Table 4.

Effects of the parameters involved in the CVD process on

the equilibrium adsorption capacity of CO2 and the uptake

ratio at 1 bar and 0 �Cwere evaluated usingMinitab version

16.1. The results are shown in Figs. 10 and 11.

Comparing the results of equilibrium adsorption of CO2

and the volume of ultra-micropores indicates that equilib-

rium adsorption of CO2 for any sample depends on volume

of ultra-micropores. As pore size decreases, potential

energy of adsorption increases due to the van der Waals

force generated by slit-shaped pore walls. Consequently,

the interaction between the carbon adsorbent and CO2 and

thus the equilibrium adsorption capacity of CO2 in smaller

pores is higher than larger pores.

The CMSs prepared by carbon deposition on cobalt-

impregnated samples and non-impregnated samples led to

the highest and lowest uptake ratios, respectively. Conse-

quently, using cobalt was the best choice to improve the

CVD process. As shown in Fig. 12, three mechanisms were

proposed by Safer et al. for carbon deposition on a system

of pores in CMSs (Soffer et al. 1997).

The three deposition mechanisms are:

1. Homogeneous deposition on the wall of the pores (a)

2. Deposition on the wall of mouth of pores (b)

3. Blockage of the mouth of pores as a result of carbon

deposition (c).

Fig. 8 Effect of the parameters

of the CVD process on volume

of ultra-micropores obtained

using CO2 adsorption isotherm

at 0 �C

Fig. 9 Effect of the parameters

of the CVD process on surface

area of ultra-micropores

obtained using CO2 adsorption

isotherm at 0 �C
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Equilibrium adsorption capacities decreased as benzene

concentration and CVD time increased. The increase had

relatively small effects on the surface area of ultra-micro-

pores. Accordingly, the combination of mechanisms 1 and

3 seems suitable for benzene deposition. Of course, the

impregnation process results in a greater share for the

mechanism 3 in the deposition, accounting for the low

adsorption capacity in the impregnated samples.

As benzene concentration and CVD process time

increased, more molecules entered pores, and population of

ultra-micropores, compared to the population of larger

pores, increased, and thereby uptake ratio increased. As

metal impregnation improves CVD process, it seems to be

natural that uptake ratio in impregnated samples is high.

The highest uptake ratiowas obtained by theCVDprocess

at 600 �C. Thus, according to the gas separation mechanism

in the CMS, it can be concluded that benzene vapor depo-

sition was effectively performed on the sample at 600 �C.
This phenomenon was limited at higher temperatures due to

benzene cracking in the nitrogen stream and in turn the

inability of benzene molecules to enter the sample.

As mentioned in the carbonization section, an increase

in the percentage of coal tar pitch has a positive effect on

value of uptake ratio.

Table 4 Uptake ratio of CO2 to

N2 along with the adsorption

capacities of the samples

prepared by the CVD process at

0 �C

Sample Uptake ratio

at 1 bar

Adsorption capacity

at 1 bar (mg/g)

Equilibrium adsorption

capacity (mg/g)

CMS-1-600-0.5-1.2 12.2 79.50 174.5

CMS-1-700-1-3.5 13.8 85.79 178.3

CMS-1-800-1.5-5.2 13.9 80.90 168.2

CMS-2-600-0.5-3.5 15.5 82.28 149.6

CMS-2-700-1-5.2 18.1 80.46 146.3

CMS-2-800-1.5-1.2 14.2 76.02 156.1

CMS-3-600-1-1.2 28.9 54.79 75.8

CMS-3-700-1.5-3.5 30.6 44.40 59.2

CMS-3-800-0.5-5.2 27.9 51.17 72.4

CMS-4-600-1.5-5.2 28.3 24.32 34.1

CMS-4-700-0.5-1.2 23.0 42.89 68.3

CMS-4-800-1-3.5 23.3 35.70 56.4

CMS-5-600-1-5.2 21.2 39.03 65.1

CMS-5-700-1.5-1.2 17.7 49.99 91.9

CMS-5-800-0.5-3.5 16.4 48.12 92.0

CMS-6-600-1.5-3.5 22.6 40.74 65.5

CMS-6-700-0.5-5.2 22.3 49.05 79.5

CMS-6-800-1-1.2 18.2 56.97 103.2

Fig. 10 Effect of the

parameters of the CVD process

on the equilibrium adsorption

capacity at 0 �C
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Analysis of SEMs

Figure 13 shows the internal structure of the best samples

through SEM images.

The white points in the above figures represent depos-

ited benzene molecules. It can be seen that benzene

molecules in CMS-2-700-1-5.2 have a very small amount

of deposition compared to the other two. This indicates,

more than ever, the importance of impregnation process by

cobalt and nickel nitrates. Comparing the three fig-

ures shows that benzene molecules in CMS-2-700-1-5.2

and CMS-6-700-0.5-5.2 were deposited in the form of a

stack, while the deposition of benzene molecules in CMS-

3-600-1-1.2 was uniform. This may be due to the disper-

sion property of the cobalt metal in the samples.

Energy-dispersive X-ray spectroscopy (EDX)

analysis

Figure 14 shows the graph of energy-dispersive X-ray

spectrometry for CMS-3-600-1-1.2. As it can be seen,

CMS-3-600-1-1.2 contained elements of C, Co, O, and N,

in which O came from the activation process. The spectrum

consists of peaks corresponding to Co (0.75, 6.89,

7.62 keV), O (0.51 keV), C (0.25 keV), and N (0.34 keV).

The presence of N was due to using it in impregnation

process. The results from the EDX analysis indicated that

Co had been successfully deposited on the samples.

Table 5 presents the results of energy-dispersive X-ray

spectrometry for the CMSs. These results reveal the exis-

tence of a large amount of carbon in the CMSs. As pre-

viously mentioned, cobalt dispersed uniformly in the

sample, while impregnation process caused stack disper-

sion of nickel in the sample. Consequently, contact surface

of cobalt particles was more than nickel particles.

Fig. 11 Effect of the

parameters of the CVD process

on the uptake ratio at 1 bar and

0 �C

Fig. 12 Mechanism of carbon deposition on a system of pores of

CMSs (Soffer et al. 1997)
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Fig. 13 SEM images of a CMS-2-700-1-5.2, b CMS-6-700-0.5-5.2, and c CMS-3-600-1-1.2

Fig. 14 Energy-dispersive

spectra of CMS-3-600-1-1.2
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Accordingly, cobalt impregnation could further improve

benzene cracking and thereby entered more carbon atoms

into pores. That is why the amount of C/Co is greater than

the amount of C/Ni.

Regeneration

One of the important problems in gas separation by

adsorption processes is reusability. Consequently, adsorp-

tion/desorption cycles were repeated 3 times on the best

sample. The results are shown in Fig. 15. The observation

that, after the regeneration process, adsorption equilibrium

remained basically unchanged confirms the regeneration

method.

Comparison with previous works

In the field of CO2/N2 separation, CMS adsorbents have been

studied less than other carbon materials such as carbon

membranes and activated carbons. Seok-jin son et al. pro-

duced CMS adsorbents for CO2/N2 separation by metal

impregnation of coconut char. To make a comparison, the

results of the present study, alongwith the results of the study

by Seok-jin son et al., are shown in Table 6. CMS-2-700-1-

5.2 and CMS-6-700-0.5-5.2 have highest CO2 adsorption

capacities. Moreover, CMS-3-600-1-1.2 has the highest

uptake ratio of CO2 overN2. It is to be noted that as the values

of uptake ratio increase, CO2 adsorption capacity of CMSs

produced by Seok-jin son et al. decreases significantly.

However, CMS-3-600-1-1.2 can be considered an accept-

able adsorbent in CO2/N2 separation (Son et al. 2005).

Conclusion

Cobalt and nickel impregnation, carbonization under N2

atmosphere, and the CVD process by benzene were con-

ducted on the extrudedmixtures of activated carbon and coal

Table 5 Elements detected on the CMSs by EDX analysis

Sample Element (at.%)

C O N Co Ni

CMS-2-700-1-5.2 85.22 13.94 0.84 – –

CMS-3-600-1-1.2 82.31 9.34 3.82 4.53 –

CMS-6-700-0.5-5.2 77.44 11.12 4.15 – 7.29

54.58
54.21
53.56
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Fig. 15 CO2 adsorption

isotherms of CMS-3-600-1-1.2

in adsorption/desorption cycles

at 0 �C (regeneration process

was performed at 90 �C and

10 mbar)

Table 6 Comparison of CMSs produced in the present work with CMS adsorbents reported by Seok-jin son et al.

Sample Metal of impregnation CVD time (min) Uptake ratio at 1 bar Adsorption capacity at 1 bar (mg/g)

CMS-2-700-1-5.2 – 60 18.1 80.46

CMS-3-600-1-1.2 Cobalt 60 28.9 54.79

CMS-6-700-0.5-5.2 Nickel 30 22.3 79.5

CCC060 Cobalt 60 22 17

CCMg60 Magnesium 60 8.4 73

CCCa60 Calcium 60 9.2 70.8

CCNi30 Nickel 30 9.1 77

CCNi60 Nickel 60 8.2 66

Int. J. Environ. Sci. Technol.

123



tar pitch under different conditions to prepare CMSs. The

highest equilibrium adsorption capacities of CO2 and uptake

ratios in the carbonization process were obtained at 800 �C.
Equilibrium adsorption of CO2 is directly proportional to the

volume of ultra-micropores. An increase in the percentage of

coal tar pitch has a positive effect on value of uptake ratio.

The lowest equilibrium adsorption capacities of CO2 and the

highest uptake ratios were obtained by CVD process at

600 �C. Benzene cracking by a cobalt catalyst presents a

suitable method for tailoring the pore structure of porous

carbon. This method can serve as a basis for developing

molecular sieve materials. The CMS prepared by carbon

deposition on the cobalt-impregnated samples exhibited the

CO2 adsorption capacity of 54.79 mg/g and the uptake ratio

of 28.9 at 0 �C and 1 bar. Consequently, it can be considered

an acceptable adsorbent for separating CO2 from flue gas.

Acknowledgements The authors would like to thank all who sup-
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