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Abstract Application of carbon molecular sieve (CMS) for
gas separation has been found much attention recently. In
this work, CMS was prepared from locally available palm
shell through carbonization, steam activation and carbon
vapour deposition (CVD) technique. After carbonization
step, the char produced was subjected to steam activation
at various activation times. The activated carbon obtained at
53.2% burn-off, which contain the highest amount of micro-
pore volume was further used in CVD step by using benzene
vapour at various deposition conditions. The performance of
CMSs produced was examined by assessing the adsorption
kinetics of Oz, N>, CO; and CH4 gases. All CMS samples
showed a small Ny and CHy uptake compared to the Oj
and CO». The suitable conditions for CVD were found at
800°C, 30 min and 30 vol% benzene of deposition temper-
ature, time and benzene concentration, respectively. At this
point the O /N; and CO; /CH4 uptake ratios arrived 7.1 and
16.0, respectively.

Keywords Adsorption - Palm shell - Carbon molecular
sieves - Uptake ratio

1 Introduction

Gas separations are a major production cost in the chemical
industry today. Production of industrial gases by pressure
swing adsorption (PSA) is expected to grow much faster
than by the cryogenic distillation. PSA utilizes CMS as ad-
sorbent to separate various gases, especially nitrogen from
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air (Ruthven 1984). CMS is a microporous material having
a pore size similar to that of the critical dimensions of the
gas molecules to be separated (Reid and Thomas 2001). The
pore surface area of CMS is usually less, and the pore size
distribution narrower than that of commercial activated car-
bons.

Several methods have been developed for CMS produc-
tion such as pyrolysis (Braymer et al. 1994), activation
and carbon vapour deposition (CVD) (Vyas et al. 1994;
Nguyen and Do 1995; Villar-Rodil et al. 2005; Freitas and
Figueiredo 2001; Kawabuchi et al. 1996). Among them, the
CVD approach has been found particularly suitable and has
received considerable attention. By this approach, an active
carbon of high adsorption capacity is conferred molecular
selectivity through CVD at the micropore mouths, thus re-
duced the pore size. Properly prepared CMS required that
the sizes of carbon species entering the micropores be lim-
ited so that the overall adsorptive capacity of the material
is as high as possible (Hu and Vansant 1995). The carbon
species should have adequate reactivity to be adsorbed and
pyrolyzed on the pore mouth. It must also have an appro-
priate shape to produce a flat coating on the pore mouth. In
addition, the hydrocarbon should have high chemical stabil-
ity in the gas phase and not produce intermediate species,
which make deposition easier to be controlled (Kawabuchi
et al. 1996). Thus the pore mouth will narrow to the smallest
dimension of the hydrocarbon molecule.

Accordingly, benzene, naphthalene and their aromatic
homologs appear to be suitable for the above objective.
These substances may control the width of the pore when
they have access to the pore wall and can be selectively car-
bonized within the pore. Benzene with molecular thickness
of 0.37 nm has been provided the necessary selectivity by
preferential deposition and the most employed one (David
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et al. 2004). Hydrocarbons, such as methane, ethane, ethyl-
ene and acetylene form intermediate products during CVD
step. Each of the intermediate products carbonized to pro-
duce heterogeneous deposition on the pore wall (Kawabuchi
et al. 1996). As the result the entire pore wall was not as ef-
fectively coated.

The objective of this work was to produce CMSs from
palm shell through three sequential stages; carbonization,
activation and CVD technique. Palm shell is the by-product
from oil palm industry in Malaysia. Currently, the palm
shell has no specific technical uses and only a small por-
tion is used as fuel to generate process steam in the palm-
processing mill. Thus the palm shell based AC was prepared
first by carbonization followed by steam activation. Then the
AC pore mouth will be narrowed by using benzene vapour
deposition technique. Benzene as carbon source for CVD is
six-carbon organic with cyclic with highly chemical stabil-

1ty.

2 Experimental
2.1 Materials

The major material used in this study is palm shell of fenera
type, which was obtained from a local oil palm mill. The
methane, nitrogen, oxygen and carbon dioxide gases with
high purity (>99.99%) were supplied by Malaysian Oxy-
gen Ltd. Analytical grade of benzene was supplied by Merck
Chemicals Ltd.

2.2 Preparation of CMS

The AC from palm shell was prepared by carbonization fol-
lowed by steam activation. The apparatus and the prepara-
tion procedure are described elsewhere (Ahmad et al. 2007).
The palm shell was ground and sieved to a particle size be-
tween 1.0 to 2.0 mm. Then, palm shell was carbonized at
830°C for 1 h under nitrogen flow before being activated
with steam for 30-420 min. After the desired time elapsed,
the reactor was cooled to room temperature under flowing
nitrogen. The AC produced was discriminated by the degree
of carbon burn-off, & (wt%), which was calculated as fol-
lows:

W — W,
0=——""x100 (1)
17

1
where W; is the initial mass of the sample before activation
and W; is the mass of the sample at the end of activation.
CVD was carried out by flowing nitrogen stream containing
controlled amounts of benzene at 150 ml/min over the ac-
tivated sample stored in a stainless steel reactor. The bed
temperature was measured using a K-type thermocouple.
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The sample was first heated up in a stream of nitrogen until
desired deposition temperature (600-800°C) was reached.
A prescribed amount of benzene was supplied by a micro
feeder into the nitrogen gas flow for a period of time. The
weight gain of the sample was recorded as the difference
between the sample weights after and before the treatment.

2.3 Characterization

All the samples were characterized by nitrogen adsorption
at 77 K by using Micromeritics ASAP 2010 apparatus. The
surface area was measured from the adsorption isotherms by
using Brunauer-Emmett-Teller (BET) equation. The micro-
pore volume was calculated using Dubinin-Radushkevich
(DR) equation over a range of relative pressure of 1.1 x 107>
to 0.02. Their molecular sieving properties were evaluated
by measuring the adsorption of pure O, N, CO, and CHy,
volumetrically under ambient conditions. After degassing, a
known volume of gas at 360 mmHg was introduced into the
system and the decrease in pressure monitored at 0.2 s inter-
vals for the first 30 s and at 1 s intervals thereafter. Kinetic
data were obtained by using adsorption rate software in the
same apparatus as in the characterization analysis.

3 Results and discussion
3.1 Activated carbons characterization

The AC burn-offs and surface areas were found to increase
with activation temperature as shown in Table 1. This was
due to the removal of the volatile matter and moisture from
the palm shell structure. At high temperature and longer ac-
tivation time, the diffusion of H,O molecules into the inte-
rior became extensive, developing large amount of new pore,
which contributed to high surface area (Kim et al. 2002).
The deposit of tarry material was cleared and the carbon
was exposed to the activation agent. The continuous devel-
opment of microporosity takes place till the activation time
of 250 min, beyond which the micropore volume starts to
decrease indicating that the enlarging micropores into large

Table 1 Properties of activated carbons

Sample Activation Burn-off SBET Vinic
time (min) (%) (m2/g) (ml/g)
AC30 30 16.1 575.9 0.2784
AC90 90 31.3 654.9 0.3767
AC160 160 45.1 980.2 0.3950
AC250 250 53.2 1104.0 0.4067
AC340 340 57.2 1302.3 0.3893
AC420 420 58.7 1318.7 0.3397
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pores has begun as more carbon was removed (Gergova et al.
1994; Samaras et al. 1998).

This argument was supported by the analysis results of
the adsorption isotherms as shown in Fig. 1. For ACs pro-
duced at activation time up to 250 min, the monolayer ad-
sorption isotherm can be observed. These ACs can be clas-
sified as type I or microporous materials. Meanwhile the
isotherms of the samples AC340 and AC420 indicated some
undesirable mesoporosity development, which begins by the
burn out of walls between adjacent micropores. These re-
sults suggest that the appropriate activated carbon for CMS
production was sample AC250, which exhibits the largest
microporous behaviour.

3.2 Benzene deposition
3.2.1 Effect of deposition temperature

In order to study the effect of deposition temperatures on
CMSs properties, the deposition time and benzene con-
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Fig. 1 Adsorption isotherm of activated carbon with different degree
of burn-off; 16.1% (M), 31.3% (A),45.1% (@), 53.2% (1J), 57.2% (L),
58.7% (O)
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centration were fixed at 30 min and 30 vol.% benzene in
nitrogen, respectively. As the deposition temperature in-
creased, the weight gain increased whereas the surface area
decreased as shown in Table 2. The micropore volume
increased up to deposition temperature of 800°C beyond
dropped at higher temperature. At low deposition temper-
ature, the CVD seems to occur at pore wall, which resulted
in low micropore volume.

At 800°C, the micropore volume improved, which indi-
cated that the CVD occur at the pore mouth without dif-
fusion inside the pore wall (Freitas and Figueiredo 2001;
De Salazar et al. 2005). In addition, some of the large
pores narrow down to micropore regime. However at 900°C,
the micropore volume dropped significantly due to the het-
erogeneous deposition, which blocked some of the pores
(Kawabuchi et al. 1996).

Individual adsorption kinetics of O, Np, CO, and CHy4
were carried out at 298 K. Figure 2 illustrates CMSs up-
take curves of O and N, whereas Fig. 3 shows the up-
take curves of CO, and CHy4. All samples adsorbed all gases
very rapidly within 10 secs. The sorption rates of all gases
are found in the following order: CO; > O, > N, > CHy.
This order is in agreement with earlier studies by Vyas et al.
(1994), Kim et al. (2002) and De Salazar et al. (2005). Sud-

Table 2 CMSs properties obtained at different deposition tempera-
tures

Sample Deposition Weight gain SBET Vinic
temperature (°C) (mg/g) (m?/ 2) (ml/g)

CMS600 600 38.4 932.3 0.381
CMS700 700 39.2 846.6 0.394
CMS800 800 41.3 704.1 0.412
CMS900 900 43.5 620.9 0.294

0,

N, cvMs600

....................... +0, cMS900

N,

0 10

30 40 50 60
time (s)
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Table 3 Uptake values for gases and selectivities at 60 s

time (s)

Table 4 CMSs properties obtained at different deposition times

Sample Uptake value (cm3/g) at 60 s S60 Sample Deposition Weight gain SBET Vinic

(0)) N, CO, CHy Oy/N; CO,/CHy time (min) (mg/g) (mz/g) (ml/g)
AC250 1243 1174 298 9.11 1.06 3.27 CMS800/15 15 28.4 8924 0.3986
CMS600  11.42 510 27.13 407 224 6.66 CMS800/30 30 41.3 704.1 0.4120
CMS700  11.12 246 2403 204 452 11.80 CMS800/45 45 422 555.0 0.4076
CMS800 9.17 1.3 20.52  1.28  7.06 16.00 CMS800/60 60 42.6 410.8 0.3291
CMS900 3.82 .13 11.69 1.01 3.39 11.55

den decreased in O, and CO» uptakes have been observed
for sample CMS900, which might reduce the O2/N> and
CO,/CHy4 uptake ratios.

Table 3 is listed for better picture of the CMSs kinetic
adsorption for various gas pairs. Sample AC250 was in-
cluded for comparison. Almost five-fold increased in both
0,/N;, and CO,/CH4 uptake ratios were observed for sam-
ple CMS800 compared to AC250. This indicated that poros-
ity was being gradually narrowed. Benzene has smaller
molecular thickness of 0.37 nm and lie down between the
molecular sizes of CH4 (0.38 nm) and CO» (0.33 nm) gases.
The same phenomenon occurs for N> (0.36 nm) and O,
(0.34 nm) gases. In addition, benzene molecules are planar
in shape, contain aromatic structure and stable at high tem-
perature (Kawabuchi et al. 1996; Javier and Mario 2004).
However for sample CMS900, no improvement in the up-
take ratios can be observed. This was due to the pore block-
age by the pyrolytic benzene. At higher temperature, the
deposition process being too fast and form uneven coating
on the activated surface. Similar trend of uptake ratios have
been reported for CMSs produced from coconut shell by
Vyas et al. (1994) and Kim et al. (2002). Thus the most
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suitable deposition temperature for CVD is found to be at
800°C.

3.2.2 Effect of deposition time

The deposition temperature and benzene concentration were
fixed at 800°C and 30 vol.% benzene in nitrogen, respec-
tively in order to study the effect of deposition time. As
the deposition time increased, the weight gain increased and
surface area decreased as shown in Table 4. A slightly in-
creased in micropore volume was observed up to 30 min
of deposition time. Beyond that, the micropore volume
dropped due to the excessive filling of the pores, which
clogged some of the pores (David et al. 2004). The results
obtained were in similar trend with previous work done by
Nguyen and Do (1995) for CSM produced from macadamia
nut shell.

Figure 4 illustrates uptake curves of O, and N, whereas
Fig. 5 shows the uptake curves of CO, and CH4 for CMSs
produced at different deposition times. The adsorption ki-
netics for various gas pairs by the CMSs were summarized
in Table 5. Up to 30 min of deposition time, the O, and
CO; uptakes slightly decreased, but the uptake ratios was
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Table 5 Uptake values for gases and selectivities at 60 s
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time (s)

Table 6 CMSs properties obtained at various benzene concentrations

Sample Uptake value (cm3/g) at 60 s S60 Sample % vol. C¢Hg Weight SBET Vinic
(073 N, CO, CHs 0O3/N; CO,/CHy4 in Np gain (mg/g) (mz/g) (ml/g)
AC250 1243  11.74 29.8 9.11 1.06 3.27 CMS800/30/10 10 384 752.4 0.408
CMS800/15 9.52 239 2198 2.19 3.99 10.05 CMS800/30/20 20 40.8 733.9 0.410
CMS800/30 9.17 1.30 20.52 128 7.06 16.00 CMS800/30/30 30 413 704.1 0412
CMS800/45 9.01 1.28 18.67 121 17.02 15.43 CMS800/30/40 40 41.5 681.3 0412

CMS800/60 8.75 125 1466 125 7.00 11.72

improved. This improvement was due to the drastically de-
creased of N, and CHy adsorption rates. Beyond that, a rapid
decreased in uptake for all gases takes place. Prolonged the
deposition time possibly blockage the CMSs pores.

3.2.3 The effect of benzene concentrations
The deposition temperature and time were fixed at 800°C

and 30 min, respectively in order to study the effect of ben-
zene concentrations on CMSs properties and gases uptake.
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Fig. 6 Adsorption kinetics of
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The weight gain and micropore volume were found almost
constant and the surface area was slightly decreased with in-
creased in benzene concentration as shown in Table 6. Fig-
ure 6 illustrates uptake curves of O, and N, whereas Fig. 7
shows the uptake curves of CO; and CHy. The adsorption
of all gases has almost attained equilibrium conditions at
60 s for all samples. In addition, the gases uptake for Nj
and CH4 were small, indicating an excellent selectivity for
separating O»/N, and CO,/CHy. Table 7 is listed for kinetic
adsorption for various gas pairs by the CMSs. Although the
benzene concentration increased, the O2/N> and CO,/CHy
uptake ratios were almost same. It seems that the effect of
benzene concentration was not much significant towards the
uptake ratios of O2/N; and CO,/CHy4 compared to the effect
from deposition temperatures and times.

@ Springer

time (s)

Table 7 Uptake values for gases and selectivities at 60 s

Sample Uptake value (cm3/g) at60s  Seo

Oy N» CO, CHy O3/N, CO,/CHy
AC250 1243 11.74 29.8 9.11 1.06 3.27
CMS800/30/10  10.32 1.62 2273 151 6.37 15.03
CMS800/30/20  9.75 144 2132 138 6.77 15.42
CMS800/30/30  9.17 1.30 2052 1.28 7.06 16.00
CMS800/30/40  8.84 1.26 1936 1.21 7.02 16.00

4 Conclusions

Palm shell has been successfully used to prepare CMSs. The
activated sample produced at burn-off 53.2% was found to
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be suitable as precursor for CMSs production. The molecu-
lar sieving behaviour of CMSs was found to depend mostly
on the deposition temperature and time. The most suit-
able deposition temperature, time and benzene concentra-
tion were 800°C, 30 min and 30 vol% benzene, respectively.
At this point the uptake ratios for O2/N> and CO,/CHy were
7.06 and 16.0, respectively.
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