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Pore size control through benzene vapor deposition on activated carbon
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Abstract

Carbon adsorbents are considered as prime material to separate oxygen and nitrogen in PSA process. It is known that selectivity of carbon
adsorbents can be added by adjusting pore size on the adsorbents. Among many treatment methods, chemical vapor deposition method was
selected and benzene was used as a chemical agent. Activated carbons were heated at 5°C/min and 10°C/min in inert condition. The peak
temperature at 700 °C and 800 °C was maintained while activated carbons were treated with benzene vapor. Inert condition was given as laminar

and turbulent flow conditions.

Pore size distribution results investigated by adsorption of various gases including CO, (3.3 A), n-butane (4.3 A) and iso-butane (5.0 A), assured
of the pore constriction or heightened energy barrier on the pore opening. The nitrogen diffusivity and the selectivity of treated samples are inversely
proportioned. That means selectivity comes out, when pore mouth is well blocked, not to admit the nitrogen molecules.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Activated carbon; Chemical vapor deposition; Adsorption; Diffusion

1. Introduction

Carbon molecular sieves (CMS) are considered as prime
material in PSA process for its rapid adsorption/desorption rate
and large adsorption capacity. It is known that selectivity of
carbon adsorbents comes from controlled pore size distribution
(PSD). Carbon molecular sieves can be made from activated
carbons by various post treatments [1,2]. Many researchers
invented various methods to narrow pores of the adsorbents
which have been prepared by pyrolysis of synthetic and nat-
ural precursors [3-5]. Among those, chemical vapor deposition
(CVD) method turns out to be the major one to control its pore
size [6-8]. There have been several reports regarding control
of pores in active carbon using CVD techniques [9-11]. Pre-
vious works by other researchers showed the coke treatment
with a carbonaceous substance to deposit hydrocarbon from
600 °C to 900 °C and narrow the pores present in the coke. Car-
boneous substances that can be used in the treatments include
benzene, ethylene, ethane, hexane, cyclohexane, methanol and
iso-buthylene [12-15]. Upon pyrolysis, carbon molecules are
deposited and modify the pore structure of the base carbona-
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ceous materials, thus improving its separation ability for oxygen
from air.

The main factors of the CMS are the adsorption ability, the
selectivity, and the pore size distribution. To control them, the
control of the properties of base materials is important as much
as the control of PSA process because there are many types of
active carbon and their properties will be changed by the treat-
ing condition. The target of this study is to gather information
about CVD method as a post treatment to control pore size on
the base materials. In addition to the process variables, more
deep understanding of the pore structure of the treated materials
could help exact establishment in process condition. Common
method to investigate pore size distributions of adsorbents is
BET adsorption analysis, but in case of carbon molecular sieves,
77 K nitrogen adsorption cannot be occurred and the pore size
of it is not measured exactly. It is reported that indirect method
to investigate pore size distribution of adsorbents by the adsorp-
tion of some gas molecules will help in understanding the pore
structures on the adsorbents [2].

2. Theory

There are several attempts to explain the slower transport
of nitrogen gas than oxygen gas into the carbon molecular sieve


mailto:kimsh@korea.ac.kr
dx.doi.org/10.1016/j.cej.2008.01.017

168 H.U. Kang et al. / Chemical Engineering Journal 144 (2008) 167-174

suitable for air separation process. Among those, the most proper
theory to explain the adsorption kinetics is that gas diffuses
rapidly into the macropore regions in the few initial seconds for
there is little diffusion resistance by their broad pore sizes and
then, diffuses into the micropores relatively slowly. If the adsorp-
tion isotherm is considered linear over the individual pressure
step, such an adsorption and diffusion process may be repre-
sented by the dual diffusion model, discussed and summarized
by Ruthven et al. [16].
In this model, the gas uptake curve is given by:

exp [ D cht/rC]

At long times, the higher terms of the summation in Eq. (3)
become very small, and Eq. (3) simplifies to:
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then, a plot of In[1 — m,/ms.] vs. t should approach a straight
line of slope —7% D¢/ r% and intercept In[6/7%(1+3a/B)].
At short times, by using Eq. (4), Eq. (3) can be expressed as:

moy sy (o o
Moo :8 + 305m Tne1 Pn m {05 +(B/2) [1 + (cot(pn,m)/ Pn,m)(Pn.m COUPnm) — 1)] }
where, m; is gas uptake at time ¢, mq is gas uptake atequilibrium, my —m’ © 1 —m?72Dct
De- is diffusivity in mi fmi . L . =1_6XZ exp (6)
¢ is diffusivity in micropore of microparticle, rc is microparti Moo —m' M2 2
cle radius, « is dimensionless rate parameter, § is dimensionless m=1 ¢
parameter and py, , is given by the roots of the equation The solution to the Eq. (6) for short times is as follows:
2 2.2 , 1/2
Py — N T = ﬂ(pn,m COt(Pn,m) -1 2) my—m -6 Dct 124 ZZ lerfc(mrc
Moo — m/ r2 (Dch)'/?
If « is small, B will also be small and the roots of Eq. (2)
will approach mm for all n(p, , — mmr). At these conditions, _3D2Ct (7
cotangent p is always large. Since Z;’lozl(l/nznz) =1/6 and rc
pm =mm, Eq. (1) simplifies to:
For short times this approximates to:
m 6 <1 —m?72Dct -
1= 2 Y exp - @) mi—m 6 [Dct ®)
Mo 1+3(¥/ﬁ m:lm T rc moo_m/ rc T

The right-hand side of Eq. (3) is the ordinary solution to the
diffusion equation divided by the factor (1 +3a/B), which rep-
resents the ratio of total particle capacity to micropore capacity
and can be expressed as Eq. (4):
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where m’ is the initial macropore capacity.

®

By using Eq. (4), the initial macropore capacity, m’ in Eq. (8)
can be substituted with the term, (1 + 3a/) and then, Eq. (8) is
expressed as the follows:
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Thus in the initial region a plot of m/ms, vs. 4/t should
be linear with intercept (3c/B)/(1+3a/B) and slope [6/(1 +

3a/B)]

Dc/m%.
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Fig. 1. Experimental apparatus for chemical vapor depositions.



H.U. Kang et al. / Chemical Engineering Journal 144 (2008) 167-174 169

By using this simple model, the highly accurate kinetic data
of oxygen and nitrogen can be obtained.

3. Experimental
3.1. Chemical vapor deposition (CVD)

Activated carbon (SGF100, Samchully Company in Korea)
based on coconut shell was used in this research. Benzene pyrol-
ysis was performed by flowing a nitrogen stream containing 6
vol% benzene over the carbon material. Two types of nitrogen
flow, the laminar and the turbulent flow were adopted. The sam-
ple was heated to 700 °C, 800 °C and 900 °C at a programmed
rate of 5 °C/min and 10 °C/min. Then, benzene was supplied to
the nitrogen flow for a fixed period of time. The chemical depo-
sition amount was controlled by deposition time between 10 min
and 50 min. For uniform deposition, loading cell was fixed in the
tubular furnace and samples were on its base.

Tubular furnace and a bubbler to generate benzene vapor are
the main parts in the CVD experiment. Fig. 1 shows the CVD
equipment assembled for this experiment.

3.2. Adsorption procedure and apparatus

Adsorbents of three different types have been investigated;
activated carbon (SGF100, Samchully Company in Korea),
CMS made in Japan, and samples treated with CVD on acti-
vated carbon. Physical properties of activated carbon and CMS
obtained by mercury porosimeter and BET experiment are

RO

12

Table 1
Physical properties of activated carbon and CMS

Activated carbon Commercial CMS

Apparent density (g/cm?) 1.0653 1.192
Total pore volume (ml/g) 0.6376 0.271
Average pore diameter 20.18 53
Specific surface area (m?/g, BET) 1264 -

shown in Table 1. BET experiment was carried out on CMS, but
adsorption could not be observed. Nitrogen adsorption experi-
ment in 77 K showed that nitrogen was hard to be adsorbed on
the CMS.

Adsorption of gases on activated carbon samples was carried
out separately using a volumetric adsorption apparatus. Each
sample was heated to 150 °C, maintained at 150 °C for 2 h and
evacuated to desorb the organic compound and water on the
adsorbents. The gas volumes adsorbed by the samples at a given
initial pressure and temperature of 30 °C were determined from
the change of pressure in the closed system.

The apparatus for adsorption experiment is composed of two
main parts of the adsorption bed and the gas loading cylinder as
inFig. 2. Data acquisition computer gathered the signals from the
pressure transmitter and temperature transmitter through analog-
digital converter. When steady state occurred, the valve between
adsorbent loading cell and gas cylinder closed and additional gas
was loaded to the gas cylinder for next step. The adsorbent was
characterized by BET method and adsorption of CO,, n-butane
and iso-butane.
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Fig. 2. Schematic drawing of static volumetric adsorption apparatus.
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Fig. 3. Adsorption isotherms of carbon molecular sieves and activated carbons.

4. Results and discussion
4.1. Adsorption isotherms

The adsorption isotherm of the manipulated samples and
commercial carbon molecular sieves could be acquired through
the volumetric adsorption method. Fig. 3 shows the adsorption
isotherms of the commercial carbon molecular sieves and acti-
vated carbons for pure nitrogen and oxygen. It is remarkable that
the equilibrium adsorption amount of nitrogen and oxygen is not
much different. Therefore, the separation in the pressure swing
adsorption process does not depend on adsorption equilibrium
and mainly depends on the adsorption kinetics. Compared to
the commercial carbon molecular sieves, activated carbon has
superior adsorption capability and has potentials to be selective
carbon adsorbents by post-treatment process such as chemi-
cal vapor deposition. For example, the difference of adsorption
amounts of nitrogen between on the commercial CMS and pro-
duced activated carbon is 20%, and that of oxygen is 35% at
1 bar. The difference between the two will be strong as pressure
goes up.

Figs. 4 and 5 show oxygen and nitrogen adsorption isotherms
of manipulated samples at heating rate of 10 °C/min and lami-
nar flow condition. The adsorption amount obviously decreases
along the increase of the treating time. Adsorption amount of
oxygen and nitrogen in Figs. 4 and 5 have sudden decrease
along the increase of the treating time. This can be explained
that micropores on the activated carbon are narrowed along the
increase of the treating time. Pore size control in this way gives
more diffusion resistance in nitrogen diffusion than that in oxy-
gen case. The kinetic diameter of nitrogen (3.64 A) is larger than
that of oxygen (3.46 A).

The carbon deposition upon the pore mouth has not much
influence on the adsorption amount. However, the excessive car-
bon deposition treatment can make the pore opening too narrow
to adsorb the oxygen molecule and this may decrease the oxygen
adsorption amount. The adsorption amounts of oxygen suddenly
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Fig. 4. O, adsorption isotherms of manipulated sample at 10 °C/min heating
rate in laminar flow condition.

decrease while that of nitrogen decreases step by step relatively.
The difference of adsorption amount of 20 and 30 min is smaller
for oxygen than nitrogen. Because the kinetic size of oxygen
is smaller than that of nitrogen, the adsorption amount of oxy-
gen is retained more than that of nitrogen until the pore size is
sufficiently small.

4.2. Diffusivity and selectivity of a manipulated sample

To separate nitrogen and oxygen, carbon adsorbents should
have selectivity and it comes from the difference in adsorption
velocity. Figs. 6 and 7 show the diffusion rate to the CMS of
oxygen and nitrogen. Oxygen is adsorbed rapidly while nitro-
gen exhibits a relatively slow adsorption. During long-time
diffusional uptake in Fig. 7, the fractional uptake of nitrogen
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Fig. 5. N, adsorption isotherms of manipulated sample at 10 °C/min heating
rate in laminar flow condition.

yields almost linear tendency. In the initial uptake curve, oxy-
gen diffuses rapidly on the carbon molecular sieves and this adds
selectivity.

We tried about 40 samples and only a few samples have
a satisfactory selectivity for separation of nitrogen and oxy-
gen. Figs. 8 and 9 show the diffusion characteristics related to
the samples treated under the conditions of 700 °C, 10 °C/min,
40 min in laminar atmospheric flow and 800 °C, 10 °C/min,
30 min in turbulent atmospheric flow. These results were sum-
marized in Table 2. In Table 2, the selectivity is defined as the
ratio of diffusivity of oxygen to that of nitrogen in this experi-
ment. As shown in Figs. 8 and 9, and Table 2, the diffusivity on
the treated sample and the selectivity is changed depending on
the treating time. Although the diffusivity is decreased with the
treating time, the separation efficiency increases with the selec-
tivity because the decreasing amount of the diffusivity of oxygen
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Fig. 6. Time dependent adsorptive behavior of carbon molecular sieves at short
operation time.

is smaller than that of nitrogen with the treating time. Both of
them have high selectivity over 20. Only in terms of selectivity,
this is superior result than commercial carbon molecular sieves
of which selectivity is 20 at 30 °C.

4.3. Characteristics of benzene deposition on activated
carbons

The deposition amount on the activated carbon increases with
the treating time. After proper amount of deposition is done,
extra carbon heap on the pore mouths will hinder entering of
oxygen molecule. A key factor maybe is to stop heaping of
heterogeneous carbon on the pore mouth at the proper treating
time.
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Fig. 7. Time dependent adsorptive behavior of carbon molecular sieves at long
operation time.
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Fig. 8. Time dependent adsorptive behavior of treated samples under conditions
at 10 °C/min, 700 °C, 40 min and laminar flow.

Samples treated in the high temperature region of 900 °C
showed sudden pore clogging in deposition. It seems that fast
piling on the pore mouth occurs in the high temperature region
than in the low temperature region of 700 or 800 °C. That can be
adefect in the deposition control, since it is difficult to stop depo-
sition process in right time. In other words, slow deposition could
be a preference for more accurate control. The heating rate does
not have much influence on the pore size control and adsorption
capacity of the already carbonized product. The retention time
could be well explained in Fig. 10. Left side date group in Fig. 10
is from samples treated at 10 °C/min, and right side data group is
from samples treated at 5 °C/min. Long retention in the furnace
shortened oxygen capacity, but did not extend selectivity. In this
result, the short retention time in the furnace is better than the
long retention time.
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Fig. 9. Time dependent adsorptive behavior of treated samples under conditions
at 10 °C/min, 800 °C, 30 min and turbulent flow.

Flow conditions were turbulent flow whose Reynolds number
is 5300 and laminar flow whose Reynolds number is 1000. In the
summary of Table 2, samples treated under laminar flow condi-
tion have better results than those treated under turbulent flow
condition. Under laminar flow condition, the decrease of oxygen
adsorption capacity is somewhat less than samples treated under
turbulent flow condition. The laminar flow might give sufficient
time for decomposition to be introduced on the pore mouth, not
inside of the pore. However, strong flow may penetrate into the
pore in turbulent condition. As a result, the reduction in oxygen
adsorption capacity without improving selectivity could occur.

4.4. Pore size distribution in treated activated carbon

The tendency in the pore size reduction by chemical
vapor deposition can be well exhibited by the BET method.
Figs. 11 and 12 present the micropore distribution of activated

Table 2

Comparisons of adsorption amount and selectivity under laminar and turbulent flow conditions

Peak temperature (°C) Holding time (min) DI (s Adsorption amount (ml/g) at 1 atm

Oxygen Nitrogen Selectivity Oxygen Nitrogen

30 0.0003152 5.64E-05 5.59 5.6487 5.8865

700 (10 °C/min, turbulent flow) 40 0.0002454 3.25E-05 7.56 5.8662 3.2150
50 0.0003396 4.28E-05 7.93 5.8374 5.1078
20 0.0001629 3.39E-05 4.80 4.0698 2.7207

800 (10 °C/min, turbulent flow) 25 0.0005311 5.72E-05 9.28 2.5648 2.5261
30 0.0004531 1.55E-05 29.31 2.7892 1.1943
20 0.0003407 2.51E-05 13.60 9.3657 8.5097

700 (10 °C/min, laminar flow) 30 0.0003086 3.14E-05 9.83 9.3837 8.3328
40 0.0003360 1.56E-05 21.52 7.2957 5.8426
20 0.0003071 2.92E-05 10.52 8.8583 7.4127

800 (10 °C/min, laminar flow) 30 0.0002820 1.83E-05 15.39 8.8951 6.1883
40 0.0002971 1.48E-05 20.12 3.7718 1.9662

Selectivity: diffusivity ratio (oxygen/nitrogen).
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carbon and treated samples for 20 min and 30 min at 800 °C.
The results show the effect of retention time on pore diame-
ter. Average pore diameters are 2.57 A for sample of 20 min
at 800°C and 2.43 A for sample of 30 min at 800 °C, respec-
tively. Both the pore sizes and pore volume decrease with the
treating time. It is due to the blocking of pore mouth by the
CVD method. Although the adsorption becomes relatively slow
as shown in the previous Figs. 6, 8 and 9 because of these
small and narrow pore size distribution, this distribution could
lead to the high selectivity of oxygen to nitrogen in adsorption
process.

Fig. 13 shows the adsorption amount of CO; (3.3 A), n-butane
(4.3 A), iso-butane (5.0 A) on the treated samples. Experiments
were taken over samples treated under laminar flow condition
at 700 °C, because the sample treated at 700 °C has bigger pore
size than the sample at 800 °C and clearly shows the effect of
pore size on adsorption amounts of used gas molecules—CO;,
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Fig. 11. Micropore region of activated carbon by BET method.
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n-butane, iso-butane. As shown in Fig. 13, more deposition
is carried out, the energy barrier blocking gas molecules are
stronger. It is noticeable that the adsorption amount of CO; is
almost same to four kinds of samples, which means that pores
are not constricted under 3.3 A. In other words, energy bar-
rier blocking to diffuse through the pore for CO; molecules
is almost of same level in these samples. When CO, diffuses
into the micropore opening, gas molecule will transcend a lower
activation barrier and the repulsive forces will be lower than
the case of n-butane or iso-butane. As a result, CO, adsorption
will be faster than n-butane or iso-butane adsorption. On the
other hand, the adsorption amount of n-butane (4.3 A) and iso-
butane (5.0 A) were diverse with treating time. It means that the
diffusion of those molecules is constricted at these pore sizes.
The energy barrier to n-butane (4.3 A) and iso-butane (5.0 A)
molecules in commercial carbon molecular sieves is higher than
others. It can be described that the pore size distributions of car-
bon molecular sieves are surprisingly unique. Because of these
factors, the effective diffusivities of gases with different kinetic
diameters are indicative of the pore opening sizes in microp-
orous carbon adsorbent samples. In this way, the pore sizes will
be measured indirectly by the selective adsorption of carbon
adsorbents and this could be a more accurate way than BET
measurement in observing the microporosity as shown in some
previous researches [17-19].

5. Conclusions

In the experiment, chemical vapor was deposited on the
activated carbon to adjust pore sizes on the adsorbent surface.
Experiments were carried out to add selective property to carbon
adsorbents, and turned out that adsorption characteristics can be
improved by proper treatment.

1. Adsorption properties of activated carbon can be improved
by proper post-treatment. Activated carbons were adjusted
in the temperature region of 700 °C, 800 °C and 900 °C. At
900 °C, too fast deposition on the surface made the carbon
adsorbents useless.

2. The heating rates of samples were 5 °C/min and 10 °C/min.
Low heating rate narrows average pore size and decreases
adsorption capacity, but chemical vapor deposition has
stronger effect on control pore size.

3. Laminar flow condition was preferred to turbulent flow.
Selectivity was improved in both conditions, but adsorption
capacity treated in turbulent flow conditions was decreased
severely. These results could explain that organic materials
can easily diffuse into pores under turbulent condition and
adsorption capacities diminish with heaped carbon.

4. Pore size distribution investigated by adsorption of CO»
3.3 A), n-butane (4.3 10\), iso-butane (5.0 A) assured the pore
constriction and heightened energy barrier on the pore open-
ing. Pore size distribution by BET method also showed that
chemical vapor deposition narrowed pores and improved the
selectivity of target gas from air.
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