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Abstract—Coconut shell, being a good carbon precursor and having a regular porous structure, was chosen for pro-
duction of carbonic materids in this work. Meta doping on the coconut char was used to develop cataytic centers for
hydrocarbon cracking and thereby obtain a product with good microporosity. Magnesium, calcium, cobalt, copper and
nickel doping on the coconut char was done by soaking the coconut char in the agueous solutions of the respective
metal st and further calcining. The characterization of the product samples was done by the measurement of surface
area, adsorption capacity of CO,, N,, CH,, and SEM analysis. The micro pore area obtained by using CO, adsorption
a 298 K was found to be >400 m?/g for samples prepared from coconut char impregnated with metal. The adsorption
capacity of magnesium-doped sample was found to be 98 mg/g, whereas that for a sample prepared from non-im-
pregnated coconut char was 55 mg/g. SEM analysis was conducted to study the morphology and nature of the samples

prepared.
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INTRODUCTION

Carbonic materids from solid waste are becoming the center of
atraction for many researchers involved in the globa problem of
removal of carbon dioxide from industries and automobile flue gases.
Raw materias chasen are numerous, ranging from cod to plant prod-
ucts. In order to have a product with reproducible ordered porous
dructure, sHlection of araw materid isvery important. The dimate
protection and life support system of the planet earth demands a
sdelevd of CO, compogtion in the amosphere Dueto theincressed
consumption of fossl fuds in power gations and use of automo-
biles worldwide, the arborne CO, level has gone up, which requires
acontinuous removd of CO, a the source of emisson. From ade-
taled literature survey, a clear void is seen in the production of an
efficient and economicd adsorbent for CO,. Solid amines, ion ex-
change resins and metd oxides for CO, adsorption have limited
application due to ther high cogt and intensive equipment reguire-
ment. Zeolites, which show a good adsorption capecity for CO,,
cannot be used for CO, adsorption a the waste gas stream contain-
ing moisture. Also, dueto high cost of production and regeneration
of zedlites, an dternative and effective adsorbent for CO, is highly
ought [Jee et d., 2004] Many researches have been dreedy carried
out to prepare carbonic molecular Seves (CMS) and sorbents from
awide range of raw materias [Oh and Park, 2002; Guo and Lua,
2000; Nakagawaet d., 2002; Marquez, 2002; Baeet d., 2004]. CMS
are micro porous carbons with characteridtic dit-shaped pore open-
ings. The difficulty in identifying the shape of poresin CMSisdue
to the lack of aryddlinity. CMS gructure can be visudized as an
ensemble of carbon layers, which is formed during the carboniza:
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tion and activation of the raw materia. Coke depogtion via crack-
ing of the hydrocarbons at the pore mouthsis used to narrow down
the poresto molecular dimenson [Kyotani, 2000]. Although a con-
Sderable amount of research towards the pore Sze tailoring of car-
bon precursors has been done, aconfirmed processto develop desired
microporogty in carbonaceous materids has not been arrived a
[Kim et d., 2002]. In the present work, metd impregnation of co-
conut char is done to introduce active catadytic centers for hydro-
carbon cracking and thereby pore - mouth narrowing by coke de-
pogition [Prasetyo and Do, 1999; Judtin et d., 1999]. The gas ad-
sorption and further separation on CMS is mainly due to kineti-
cdly controlled diffuson [Prasetyo et d., 1998]. The adsorption
characteridtics of different adsorbate molecules very much depend
on the Sze, shape and the dectronic interactions of the molecules
with the adsorbent [Ried et d., 1998, 1999]. Adsorption of CO,,
CH,, N,, and O, on CM S occurs in the micropores. The separétion
of the gas molecules is causad by the sdective adsorption due to
the shape and Sze of the molecules[Moreiraet d., 2000; dela Casa
Lillo e d., 2002]. Dataon adsorption of N, a 77 K and CO, & 273
K isusad to cdculate the surface area of the samples prepared.

EXPERIMENTAL

Coconut char (obtained from the Philippines), was bal milled
and seved to 150 um. This powder was mixed with 25% by weight
of cod tar pitch, extruded to 3 mm diameter, and then dried & 90°C
for8hinan oven.

1. Metal Impregnation

The metals chosen for impregnation were magnesum and cd-
cium from the dkaline earth metd group, and copper, cobat and
nickd from the trandtion metal group. One-percent solution of these
metals prepared from their nitrate salts was used for impregnation.



292 S-J Sonetd.

The oven-dried extrudes were soaked in the metal solution (1 g ex-
trude per 2ml solution) a room temperature for 72 h with inter-
mittent sheking. The extrudates were then filtered out and gently
rinsad with didtilled water to remove the excess solution on the sur-
face of the sample.

The washed samples were then ar dried for 24 h a room tem-
perature and then carbonized, activated and subjected to pore nar-
rowing by benzene cracking.

2. Carbonization and Activation

Carbonization of the oven-dried extrudates was done in the pres-
ence of nitrogen a 800 °C for 60 min and activation with CO, a
800°C for 30 min. A rotary kiln equipped with a multi-step tem-
perature programmer was used for this purpose. Therate of increese
of temperature from ambient to 800 °C was maintained & 2 °C/min.
Isotherma hegting for 60 min each was maintained a 200°C, 450°C
and 600°C in order to remove the volatile and other impurities from
the coconut char and the cod-tar pitch used in the preparation of
the extrudates. Further carbonization at 800 °C for 60 min was main-
tained S0 asto decompase and disperse the metal salts used, within
the bulk of the samples. The controlled and dow hesting rate dur-
ing carbonization was found to be very important for retaining the
shape and mechanica grength of the CMS samples
3. Pore Mouth Narrowing

Pore mouth tailoring of the activated pellets was done by using
coke deposition via benzene cracking a 650 °C [Freitas and Figue-
redo, 2001]. After activation of the samples, the temperature of the
reactor was brought down to 650 °C and the sample wias beked for 30
min & thet temperature. Nitrogen & the rate of 200 ml/min was bub-
bled through a bubbler containing benzene, and then passed through
the samplein the reactor kept a 650 °C, for afixed duration of time,
for coke deposition at the pore mouths of the sample. The benzene
bubbler was then disconnected and the sample was kept a 650°C for
30 min and then cooled to 200°C in N, amosphere. Thelig of sam-
plesthus prepared with different metal doping on coconut char dong
with the respective benzene cracking timeis shown in Table 1.

4. Characterization of CMS

Characterization of the CMS samples was mainly donein terms
of adsorption of gases. A volumetric setup was used for this pur-
pose. Adsorption of CO,, CH,, N, and O, was conducted in the volu-
metric setup, where both kinetic as wel as equilibrium adsorption
of gases can be Sudied a afixed temperature. The pecific surface
area of few representative samples was determined by using a Mi-
cromeritics ASAP-2010 with N, adsorption & 77 K. The CO, ad-
sorption data was used to caculae the micropore area (S,,) using

the Dubinin-Astakhov eguation. The SEM images of the samples
were taken on a Philips make XL30 machine to sudy the mor-
phology of the samples.

RESULTS AND DISCUSSION

1. Adsorption Isotherm

The adsorption isotherm is a very important data for the charac-
terization of CMS. The adsorption isotherm on N, adsorption & 77 K
on the CMS samples was used to caculate the micropore area as
well asmicropore volume using the BET sysem, ASAP-2010. The
data for adsorption isotherms for CO, and CH, at ambient temper-
aure on sdected CM S samples were callected by using the volu-
metric set-up, for pressures ranging 1 to 7 bars. Mot of the CMS
samples showed 70% of thetotd adsorption of CO, at pressure 1 bar,
beyond which, the adsorption curve levelsto avirtud plateau. The
Co loaded CM S samples showed a continuous increase in adsorp-
tion with increese in pressure, with both CO, and CH,. The iso-
therm plot isshown in the Fg. 1. When the pore Sze was narrowed
down to molecular dimension level of the adsorbing molecules, it
was found thet the adsorption capacity was congtantly increesing
with increasing pressure [Stoeckli et d., 2002]. Thisis because the
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Fig. 1. Adsorption isotherms CO, and CH, on CCMg60 and
CCCo60.

Table 1. Ligt of samplesalong with the sample code and the respective time of benzene cracking

Benzene cracking time

Benzene cracking time

Benzene cracking time

Sample code (min) Sample code (min) Sample code (min)
CCA 0 CCCaA 0 CCCoA 0
CC20 20 CCCa30 30 CCCo30 30
CC60 60 CCCab0 60 CCCo60 60
CCMgA 0 CCCuA 0 CCNiA 0
CCMg30 30 CCCu30 30 CCNi30 30
CCMg60 60 CCCu60 60 CCNi60 60

Carbonization/Activation temperature : 800 °C; Carbonization time : 60 min; Activation time: 30 min.
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adsorbing molecules pick up sufficient activation energy for adsorp-
tion asthe pressure increases.
2. Surface Area and Textural Properties

Micropore area of CMS and the adsorption cgpacity of various
gases reved that 70% of the adsorption capacity in CMSis dueto
the micropores present in it [Pradhan and Sandle, 1999]. The N,
adsorption & 77 K on any of the samples prepared was found to be
very poor, and hence the surface area obtained from the Micromer-
itics ASAP-2010 was very low. The N, adsorption & 77K isre-
gricted due to the low activation energy of the N, molecules a thet
temperature owing to the quadrupolar interactions of N, with the
adsorbent [Harnit et d., 1995]. This shows that the adsorption is
mainly in the micropores. The micropore area of adsorbentsis best
cdculated by usng the Dubinin Agtakhov (DA) equation. The equi-
librium adsorption capecity of CO, onthe samples, a different pres-
aures was usad in the DA equetion for cdculating the micropore
area. The DA eguation used was,

w=wyexp[- (A/E)] ()

Where‘W isthe amount adsorbed a rdative pressure ' PIP,, ‘W,
is the limiting micropore adsorption capacity, ‘A" (Adsorption poten-
tid)=RT In(Py/P), ‘R’ isthe gas condart, ‘T’ is the absolute tem-
perature, ‘E' isthe characterigtic energy of adsorption and ‘n’ isan
integer representing the microporous nature of the adsorbent (equd
to 3in the case of the DA equaion). Theandyss of theN, and CO,
isotherm is given in the Table 2. The micropore area (S,,) of the
sampledter matd doping increased from 240 to 519 /g, The metadl
loading on the CM S samples acts as catayd centers for benzene
cracking, thereby developing more micropores in the sample then in
the CM S samples prepared from origind coconut char. From close-
ly examining the limiting micropore capecity of al the CMS sam-
ples it is dear that the metd loading hes catayzed the coke depo-
Stion a the pore mouth and thereby asssted pore mouith tailoring.
Thevdueof ‘n" wasfound to be goproximatdy 3 for themeta doped
samples, wheress the other samples prepared from originad coco-
nut char were found to be ~2.5. This confirms the credibility of the
DA equation for finding the texturd properties of the CMS sam-
ples prepared. The micropore Size was etimated by using the em-
pirica equetion proposad by the Dubinin formulation for micropore
haf width. TheDubinin equation for caculating the micropore haf
width is, X,=k/E,, where the proportiondity condant ‘K’ is 12 kJ-nm/
moal. The CCCo60 sample showed a pore width of 0.8 nm, which
supports the adsorption selectivity of the sample for CO, over CH,.

Table 2. The micropore area and thetextural propertiesof CMS

samples

Sample W, Son E Xousirin

code (o/g) (mg) (kJmoal) (nm)
CCCoA 0.12 484 28 19.6 0.6
CCCo60 0.14 434 3.0 25.2 0.4
CCMgA 0.15 519 2.7 19.2 0.6
CCMg60 0.12 415 28 19.8 0.6
CCCu60 0.12 415 28 19.8 0.6
CCA 0.08 277 24 16.4 0.7
CC60 0.05 242 25 17.6 0.7

Loading of Co showed a condderable amount of coke deposition
leading to the pore narrowing during the benzene cracking on the
sample. The micro pore surface area was very much comparable
for the samples CCCoA and CCCo60 (484 and 434 m?/g, respec-
tively). Thus, it isdear that the coke deposition appears to be more
a the pore mouth than inside the pores. Cobdt being a good cat-
ays for coke depogtion by benzene cracking, the time, tempera-
ture and concentration of benzene in the N, stream have to be con-
trolled to obtain a very effective pore narrowing. Detailed experi-
mentation of coke depostion on Co loaded CMS sample would
give a CMS sample with very much-desired pore narrowing for
sHective adsorption study.
3. Kinetic Adsorption Characterigtics of the CMS Samples
The CM S samples prepared were further characterized by study-
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Fig. 2. (a) Kinetic adsorption of CO,and CH, on CMS samples
(b) Kinetic adsorption of N, and O, on the CMS samples
prepared by CO, activation.
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Fig. 3(a) and (b). Effect of benzene cracking on CO, adsor ption.

ing the adsorption of gases like CO,, CH,, N, and O, on them by
using a volumetric setup. The kinetic adsorption curves obtained
for adsorption of these gases on sdected CMS samples prepared
by CO, activation are shown in Fig. 2(a& b). The pore narrowing
of the CMS samples was achieved by the coke deposition by ben-
zene cracking at the pore mouths. The effect of benzene cracking
time on the CO, adsorption characteristics of various metd loaded
samplesisshown in Fg. 3(a& b). Table 3 givesthe adsorption ca-
pedity of each gasa 5min on the sample dong with the uptake ratio
of binary gas sysems like CO,-CH, and N,-O,. The CO, adsorp-
tion capacity of cobdt loaded sample dropped from 77 to 17 mg/g
a ~1bar adsorption pressure and 20 min adsorption time, when
the benzene cracking time was increased from 30 to 60 min. In the
case of copper, nickd, calcdum or magnesum loaded CMS sam-
ple, the drop in adsorption capacity of CO, was ~11to 20 mg/g a
20 min of adsorption time and 1 bar adsorption pressure. The CO,
adsorption capecity of the metd loaded CM S samples was found
to be, CCMg>CCCa>CCCo=CCCu>CCNi. Magnesium and cd-

March, 2005

Table 3. Uptake ratio of binary gas mixtures along with the ad-
sorption capacity on the CM S samples prepared

Adsorption capacity at . .
Ssr‘;eme 20 min (Mg/g) Uptake ratio at 20 min

CO, CH, N, O, CO,/CH, CGO.JN,
CCA 48 126 45 76 38 10.3
CC40 578 4 40 55 145 14.4
CCCuA 903 16 75 11 5.6 12.1
CCCu30 766 14 84 10 55 9.1
CCCu60 673 14 68 9 4.8 9.9
CCNiIA 854 17 94 11 53 91
CCNi30 77 192 85 10 4 91
CCNi6O 66 11 81 9 6 8.2
CCCoA 911 175 96 12 5.2 95
CCCo30 722 124 88 11 5.6 8.2
CCCo60 17 004 08 8 >400 22
CCMgA 97 18 107 1 54 9.1
CCMg60 73 12 87 9 6.1 8.4
CCCaA 935 187 105 115 5 8.9
CCCab0 708 124 7.7 95 5.7 9.2

cium ions, due to lower mdting point and more labile eectronic
property then the other meta's used for doping, can giverise to good
digperson and didribution in the bulk of the sample during car-
bonization and activation. Also, MgO and Ca0, which have an &f-
finity for CO,, dso would be present on the surface of the sample.
This can dso contribute to the increased CO, adsorption capacity
obsarved in the Mg and Ca doped samples Table 3 a0 reved sthat
the Mg and Ca doped samples show a higher adsorption of CO,
than the Cu, Co or Ni doped samples. The uptake ratio for CO,/
CH, was found to be in the range 4 to 6 and that for CO,/N, was
found to be between 8 to 12, for dl the metd-doped CMS sam-
ples, excepting the sample CCCo60. The uptake ratio of the binary
gas sysems on the CCCo60 was found to be >400 for CO,/CH,
and 22 for CO,/N,. Thisisaclear indication of the pore narrowing
of the sample to molecular dimension leve, by the effective cata
Iytic cracking of benzene followed by the coke depogtion. The ad-
sorption cgpecity of N, and O, on CMS samples prepared by CO,
activation of Mg and Caloaded coconut char was found to be low
(10-11 mg/g. Further narrowing of the pores is required, for usng
these samples for N, separaion from air. It is to be noted that the
dkdine earth metds, Mg and Ca loaded CM S samples showed a
high adsorption capacity for the various gas adsorption studied, but
the cataytic activity for coke deposition from benzene was less com-
pared to the trangtion metds gudied in thiswork. The cobat-doped
CMS sample dfter benzene cracking showed a condderable decresse
in adsorption cgpacity of CO,, CH,, N, and O,. The enhanced ben-
zene cracking and further coke deposition leading to pore-mouth
narrowing was observed in these samples. A dlear redtriction of the
adsorption of gas molecules larger than 3.6 A was observed on the
benzene cracked CCCo samples TheN, (3.64 A) and CH, (346 A)
showed a very poor adsorption on CCCo60 sample. Fig. 4 shows
the kingtic adsorption of CO,, CH,, N, and O, on CCCo60. The
adsorption of CH, and N, was found to be very low in thissample.
4. Diffusivity of Various Gases on the CM S Samples
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Fig. 4. Kinetic adsorption of CO,, CH,, N, and O, on CCCo60.

The empiricd formula for kinetic diffusion for adsorbents (Eq.
(2)) is used to see the credibility of diffuson of gasesin the CMS
sample prepared.

M,
M.

Where‘M," isthe amount of gas adsorbed a time t seconds and
‘M isthet a equilibrium, ‘n’ isthe diffuson exponent and ‘K’ isa
condant. A plat of In(M/M;;) againgt In(t) was found to be agtraight
line (Fig. 5), the dope of which is bdow 0.5. Thus the diffuson
mechaniam of these samples can be congdered to be obeying Hck's
modd. From the Fick’s law for isothermal diffusion, it can be writ-
ten for amal adsorption time as (Eq. (3)),

2,172

M, 6Dt
M. 1%a
Where'D’ isdiffusvity congant and ‘d istheradiusof the spher-

ica entity where adsorption takes place.

A plat of M/M,, versust*? isfound to be agtraight ling, the dope
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Table 4. Diffusivity congtant for various gaseson the CM S sam-
ple CCCo60

Sample D/& (Sﬁl) Ratio of D/
code  Co, CH, N, O, CO,JCH, O,N,
CCCo60 8.0x10* 0.9x10™* 2.2x10™* 44x10* 89 2

sampleisshownin Table 4.

Themicropoaresin the sample CCCo60 are obsarved to be of mal-
ecular dimengon. The CO,, being the amdles of the gas mole-
cules chosen for adsorption (CO,, CH,, N, and O,), was adsorbed
the maximum. When the adsorption cgpecity aswdll asthe adsorp-
tion rate of the gasesis dgnificantly low, a difficulty in ariving at
the equilibrium uptake of these gases occurs. The diffusivity vaues
cdculaed for such gases are expected to deviate from the actud
vaue Hencetheratio of the diffusivity vaues of different gaseson
these samples would be giving only a rough idea of the preferen-
tid adsorption of gaseson it. The diffusvity ratiosfor CO,-CH,, as
well as CO,-N, thus cdculated, gives an idea of the adsorption sdec-
tivity of the gases on the CM'S samples prepared.

5. Scanning Electron Microgroscopic (SEM) Analyss of the
Metal Doped Samples

Surfaceimeges of afew representative CM S samples prepared in
the present work were taken on the SEM gpparatus (Philips XL30)
a dectron energy 20 kV. The degassed sample was carefully cut to
get an even cross section and was fixed onto the microscopy holder
and souttered with gold in plasma; the cross-sectiona images of
the ssmpleswere micro-graphed a& ameagnification 2,000x (Fgs 64,
2b & 2¢). The CMS sample prepared from coconut shell char with-
out loading metd was found to have auniform grain Szeand grain
digtribution. The metal-doped sample has many of the grains shidded
by alayer and gppears to be bigger grains. This may be afilm or
meask formed by the metd in the bulk of the sample. These metd
centers provide catadytic Stes for benzene cracking and thereby help
in narrowing of pores by coke depastion. The SEM photographs
of CC20, CCMgA, CCCoA and CCCo60 are shownin Figs. 6 ato
6d. Depletion of the film on the cross section of the sample CCCoA
(Fg. 6¢) was observed in the sample CCCo60 (Fig. 6d). The micro-
porosty of the sample cannot be micrographed by using the SEM
technique. The SEM-EDAX andysds (Figs. 7a and 7b) aso con-
firms the presence of Co on the CCCoA and CCCo60 sample. The
Co content is observed to belessin the CCCo60 (C: 90.41 weight%,
Co: 9.59 weight%) sample than that in CCCoA (C: 64.36 weght%,
Co: 35.64 weight%) sample. Many Co atoms in CCCo60 sample
must have gotten completely masked with coke depostion.

CONCLUSIONS

Carbon molecular sieves were prepared from coconut shell char
from the Philippines by metd impregnation followed by carbon
dioxide activation and coke deposition viabenzene cracking. Alka:
line earth metals aswdl astrangtion metals show afavorable effect
for benzene cracking. The CM S samples prepared from Mg loaded
coconut cher showed avery high adsorption cgpedity for CO,. Cobdt
loading improved the pore narrowing by coke deposition. Out of
the five metds chosen (Mg, Ca, Cu, Co and Ni), cobdt was found

Korean J. Chem. Eng.(Val. 22, No. 2)
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Fig. 6(a), (b), (c) and (d). SEM images of CC20, CCMgA, CCCo and CCCo60 respectively.
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Fig. 7(a). SEM-EDAX of CCCoA sample. (b) SEM-EDAX of CCCo60 sample.

to be the best catayst for benzene cracking and coke deposition.
The CMS sample with Co loading showed an uptake ratio more
than 100 at adsorption pressures 1 to 7 bar for CO,/CH, and ~20
for CO,/N,. The micropore area of the CMS sample increased from
72 t0 450 /g when the carbon precursor was loaded with metals.
Cobdt metd loading and controlled benzene cracking on the sam-

March, 2005

ple can be usad to produce CM S sample that can be used for N,
separaion from air.
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