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Abstract

The measurement of specific surface area of ponoaierials has long been important in physical sgenand is
currently growing in importance in applied and eamimental science. Numerous systems have beenoged:for
surface area measurement by gas adsorption. Comamngystems are available which can measure a vadge of
absolute surface area with relative ease. Howgheir, cost is often prohibitive. In this study, imexpensive apparatus
for surface area measurement has been set upugeldefor measuring supercritical adsorption obCihie Ono-Kondo
Lattice model was used to represent the adsorjgmherm and to determine the surface area. Thdtsesf surface
area determination using G@dsorption combined with OK model have been corghéw the numbers obtained from
nitrogen BET method. For surface area determinaifareolites and activated carbons, the new megiiva reasonable
agreement results (within 10% deviation) compacethé results obtained from nitrogen BET methodaddition, the
new method also gives more reasonable resultsufface area determination of coals. As known, tiv@gen BET
method gives almost zero of coals’ surface areis ifiight due to the characteristic of the coalgicure that might be
change (the pores are closed) during the coolinggss in nitrogen BET method. Moreover, the newhogttan also
be used to determine the surface area of porousriaatusing C@adsorption data at various temperatures without
sacrificing their accuracy.
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1. Introduction substantially (up to 77 K) in order to cause mealsigr
amounts of adsorption-enough to cover the entire

The measurement of specific surface area of porous surface. Therefore, this measurement will need a

materials has long been important in physical seien specific container and liquid nitrogen which aret no
and is currently growing in importance in applietia always available. Moreover, measurement at such low
environmental science. Probably the most widelyduse temperature might affect the structure of the psrou
and studied technique for surface area determimasio materials resulting in inaccurate surface area
that of gas adsorption [1]. The amount of gas dmkbr determination. Studies showed that determinatfdhe

by a solid as a function of pressure is determiitter surface area of the coal using this method resutted
gravimetrically or volumetrically and the surfaceea unreasonable values (near zero) [2-3].

calculated from the adsorption isotherm by models
such as Langmuir or BET. Numerous systems have In this study we propose to use £@dsorption to
been deve|0ped for surface area measurement by gas determine the surface area. Carbon dioxide is chase
adsorption. Commercial systems are available which the adsorbate gas because it is an inert gas uhezsy
can measure a wide range of absolute surface atiea w to obtain and because of its IIQUId-IIke behavibnear
relative ease. However, their cost is often prdiviei room temperature. The Ono-Kondo (OK) lattice model
will be used to correlate high-pressure, supeoatiti
A common practice in determining the surface area o adsorption isotherms. This model and its tempeeatur
porous materials is using the adsorption of nitrogas. dependence of the parameters have been thoroughly
However, the amount of nitrogen adsorbed will depen studied that makes the model capable of consigtentl
on the temperature and consequently the calculated calculating the surface area of any porous matesal
surface area will also depend on the temperatungghw ~ @ny experimentally generated adsorption isothers] {4
is actually unreasonable. Because this inert gas an Our intention in undertaking this work is to dembate

solid interact weakly, the surface must be cooled the capability of a proposed simple technique for

1



2 MAKARA, TEKNOLOGI, VOL. 14, NO. 1, APRIL 2010: 1-6

surface area determination using supercritical , CO
adsorption. Therefore, the specific objectivesroppsed
research are: 1) To set up a simple system thabean
used for measuring the adsorption isotherm, 2) To
perform the C@ adsorption isotherm measurements on
several porous materials, 3) To determine the serfa
area of the porous materials based on the adsorptio

isotherm measurements using a new Ono-Kondo model,

The Lattice Theory of Adsorption (Ono-Kondo
Model). The lattice theory concept was first proposed
by Ono and Kondo in 1960. Donohue et al. recently
developed a more general formalism of this model, i
the context of adsorption of solutes in liquid s@ns
[6-7]. Application of the model to pure and mixtugas
adsorption on carbon substrates was also demagtbtrat
in our previous work [4-5]. The results showed ttinet

4) To compare and study the determined surface area model was in good agreement with the experimental

with the conventional values obtained from nitrogen
BET measurements.

data studied. A general formulation and reasonable
estimates for each parameter, based on accessible
adsorbate-adsorbent characteristics has also been

Numerous theories and models have been developed todeveloped in our previous study. Moreover, since th

correlate pure adsorption data to be used for cairfa
area determination. Among them are the Langmuir
model and the BET model. Recently, the Ono-Kondo
(OK) lattice model was also shown capable of
predicting the activated carbon surface area [4-5].
Following are brief review of relevant adsorption
models used for surface area determination.

Langmuir Model. The most basic theory in adsorption
is the Langmuir theory. This theory describes the
monolayer surface adsorption on an ideal surface.
Equating the rates of adsorption and desorption
(evaporation), we can obtain the Langmuir isotherm
written in terms of fractional loading:

_a _ bP or (2

=" = bP =— (1)
L 1+bP 1-6

P andL in Eqg. (1) represents pressure and the maximum
adsorption capacity (expressed in mol/gram of
adsorbent). This value can be obtained from
experimental isotherm data, and the surface ardheof
adsorbent (Aig) can be calculated from the following
expression:

A= L.Nav.gaz 2)

whereN,, is avogadro’s number ardlis the diameter of
the adsorbate.

The BET (Brunauer, Emmett and Teller) Model The
Langmuir model is for monolayer coverage. However,
in the adsorption of sub-critical adsorbates, mdies
are adsorbed onto the solid surface in a layennggss,
and when the pressure is sufficiently high multiple
layers are formed. The BET theory was first devetbp
by Brunauer et al., in 1938, which yielded thedualing
model.

« CP

& (3
L~ (P, -P)L+(C-1)(P/P,)]

The BET model is widely used to determine the si@fa
area of an adsorbent using measured nitrogen dasorp
at 77K. The same formula as shown in Eq. (2) isluse
calculate the surface area.

model parameters are usually obtained based on
adsorption isotherm, the temperature dependenteof
parameters was also evaluated to make it possible t
calculate the surface area of the adsorbent basékeo
available experimental adsorption data at any
temperature.

In this approach, the equilibrium equation becomes:
I 0= %) /%, (L= X)) @)
+((Zl+1)xads - ZOXb)gu / kT +£is / kT = O

wherez; = 6 andz, = 8 for the hexagonal lattice cell.

According to the lattice theory, the Gibbs excess
adsorption is defined as

n=CY (%~ %) (5)

wherex; is the fraction of adsorbed moleculeccupies
the lattice cells at layet (=Ni; /M) and X, is the
fraction of gas moleculé occupies the same number
lattice cells as those at laye(=N; ,/My). This fractional
coverage can also be expresseas o /0 m: andxp

= P ! Ame, Where g, is the adsorbed density of
componenti at layert, g, is the adsorbed density of
component at the gas phase, amth, is the adsorbed
density of componenit at the maximum capacity. The
prefactor C; represents the maximum capacity of the
adorbent. For pure adsorption inside the slit, edicg

to the approach by Benard and Chahine [8], the mumb
of layers,m, is equal to two, and Eq. (5) becomes:

s = 2C (X =%,) = 2C [f;ds—pb]

mc mc

(6)

Here, the pre-factorC may be assumed to be a
parameter taking into account the fraction of théva
pores of the adsorbent and other structural prigseof
the adsorbent.

Based on our previous evaluation of the regressed
parametelC, it appears that the value Gfincreases as
the surface area of the adsorbent increases. This
suggests that the maximum adsorption capa€yan
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be divided into two contributions; i.e. the contriion
from the adsorbent characteristic, representeditipce
area A, m7g), and the contribution from the adsorbate
characteristic(s). In the previous study, we pregothe
following simple relation for the maximum adsorptio
capacity,C:
(T = ACaZ(T)

()

C, is the surface adsorbed-phase density (mnipl/m

with its value depending only on the adsorbate.

Furthermore, the maximum adsorption capadiycan
be expressed in term of the following Equation [6]:
In(1/C)=4T -[InC,, +dT, +In(A/ 2)] (8)

whereT, (k) is chosen at the normal boiling point of the
adsorbate (triple point for G T(K) is the absolute
temperature,C,, is the maximum surface adsorbed-
phase density al,, and J is the thermal expansion
coefficient of the adsorbed phase. For ,CQ,, =
0.0142 mmol/rfy &= 0.0039 (K%. Therefore ifC can
be obtained from the experimental data, then thiace
area A, can be calculated using Eq. (8).

2. Methods

The methods employed in this research consist of
adsorbent preparation and nitrogen BET surface area
up and

determination, adsorption apparatus set
adsorption measurement. Detail of these activities
described in the following sections, the schemehef
research method in general is shown in a flow diagr
in Figure 1.

Adsorption Preparation. Ten porous materials are
used for the adsorption and surface area deterimmat
They consist of two types of Zeolite, four types of
Activated Carbon, and four types of coal. If the
materials are obtained from the commercial manket,
will use them as it is received. However, special
treatment is needed if the material is obtainedhftbe
mining site. In this case, the materials will bénded
and sieved to about 20 mesh in size. The nadgeaie

| Adsorbent Preparation |

v

| Nitrogen BET Surface AreeL
N

\ 4
|Adsorpti0n Apparatus Set Llrp—‘T>| CO; Adsorption Isothern15

\

Figure 1. Schematic Diagram for Research Method

then washed using distilled water and put in thendfeor
four hours at 126C. All materials are stored in glass
jars. The nitrogen BET surface area is determirsdgu
AUTOSORSB - 6.

Adsorption Apparatus Set Up and Measurements
The experimental method use a mass balance pmncipl
based on careful volumetric measurements. The
experimental apparatus is shown schematically in
Figure 2.

The apparatus is maintained in a constant tempgeratu
air bath (3°C). The equilibrium cell (EC) has a volume
of 50 cc and filled with the adsorbent to be stddie
Firstly, all remaining gas in the system is evaedat
using a vacuum pump and letting valves V2, V3 add V
opened and V1 closed. V3 and V4 are then closed and
the dozing cylinder is filled with helium by opegiv1
and V2 until the pressure reachigswhere V1 and V2
are then closed. The void volumé&/.qs in the
equilibrium cell was determined by injected a known
quantity of helium from a dozing cylinder that has
calibrated volume (1000 cc) through opening V2 and
V3 until the pressure in the dozing cylinder reacRe
where V2 and V3 are then closed. The eqoais

Z,.RT (9)

Vioid = Nie (T) cell

where number of moles of helium injected into cell
v,.R P ) (10)

Nye =—
He RT(Z Z

He,i He, f

V is the volume of the dozing cylinder, afdand P,
represent final and initial pressure of that cyind
respectively. The void volume was measured several
times to reduce the uncertainty of this value.

For CG gas adsorption measurements, a given quantity
of CO, gas, iy, was first injected into the cell. The
procedure and the amount was determined by aniequat
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St
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L

Figure 2. Schematic Graph of the Experimental Appartus
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analogous to Eg. (10), above. The condition of
equilibrium was identified as the condition at white
pressure in the equilibrium cell stabilized. Theoamt
of unadsorbed gafinagss Was determined using the
following expression:

PVvoid

(11)
Z,.RT

nunads = ( )ceII

where the pressurB was measured after equilibrium
was reached in the cell. The amount of adsorbed gas
N.gs, Was calculated by difference as

nads = ninj -n (12)

unads

The above steps were repeated at sequentially thighe
pressures (up to 60 bar) to yield a complete adisorp
isotherm. It should be noted that the obtained
experimental data are in Gibbs adsorption which
exhibits a maximum isotherm at high pressures [9].

A high-precision electronic manometer pressure gaug
with direct read-out is attached both in the dozing
cylinder and equilibrium cell. The helium and £0O
gases used in this work were obtained from comrakerci
market with purities of at least 99.9% and will lsed

as received.

As indicated by Eqgs. (9) through (11), accurate- gas
phase compressibilityZ] factors are required for helium
and carbon dioxide to properly analyze the expentale
data. The compressibility factors for pure L@ere
determined from highly accurate equations of state.
void volume determination, the helium compresgipili
factor is given by Hall [9]:

Z,,=1+(0.00147+ 0.0000047T%  0.000000003p P (13)

where T is in Kelvins andP is in atmospheres. This
expression is based on the experimental data from
National Bureau of Standards Technical Note 631 for
helium.

3. Results and Discussion

BET Surface Area of Porous Materials Ten porous
materials were used in this experiment. The Nitnoge
BET surface areas of some materials were obtained
from literature, and some other materials’ surfaceas
were determined during this experiment. For the las
case, the materials were grinded and sieved to Hut
mesh in size, then washed using distilled water autd

in the oven for four hours at 12Q, before their surface
areas were measured using nitrogen BET-
AUTOSORB-6. The materials include two types of
Zeolite, four types of Activated Carbon, and foypds

of coal. The following Table shows the results of
nitrogen BET surface area obtained from literatame
AUTOSORB-6 of those ten materials.
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Tabel 1. Nitrogen-BET Surface Area for Porous Materias

Materials Surface Area

P
o

(m?lg)
1 Zeolite 1 494
2 Zeolite 2 51
3 Activated Carbon 1 (Calgon) 900 [9]
4 Activated Carbon 2 (Local) 1065
5 Activated Carbon 3 (Synthesized) 550
6 Activated Carbon 4 (Synthesized) 650
7 Coal 1 (Sumatra) 0
8 Coal 2 (Kalimantan) 0
9 Coal 3 (lllinois No. 6) 30 [2]
10 Coal 4 (Pocahontas) 01[2]
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Figure 3. CO, Adsorption on Zeolite Linde-A5

CO, Adsorption Results and Determination of
Surface Area using OK Model.CO, adsorption data
on three different adsorbents (Zeolites, Activated
Carbons, and Coals) were used and fitted with tke O
model to obtain their surface areas. Some of the
adsorption data were obtained from literature amdes
others were obtained by conducting L£@dsorption
experiment using our new apparatus set up.

CO, Adsorption on Zeolites Figure 3 shows the GO
Adsorption on Zeolite (Linde 5A) at 5, conducted
by Wakasugi [10]. The information of its NitrogeiicB
Surface area is 494 %yg. The solid line in Figure 3
represents the fitted OK model using four model
parameters; i.€0n. = 23.5 mol/l;e/lk = 81.6 K;eq/k = -
2500 K, andC = 2.06 mmol/g. As shown in the figure,
the model can represent the experiment data quete w
within  2.4% AAPD (Average Absolute Percent
Deviation). Parameter C in the model can be used to
calculate the surface area of Zeolite using Eq. T8
surface area obtained using this method is 43&,m
which is not significantly different from the one
obtained using nitrogen BET surface area.
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Figure 4. shows the GQAdsorption on Zeolite (Local)
at 30°C, conducted in our Laboratory using new
experiment apparatus set up. The Nitrogen BET 8erfa
area obtained using AUTOSORB-6 is 5F/gn The
solid line in Figure 4 represents the fitted OK rabd

carbons, respectively. The results show reasonably
agreement with the surface area using nitrogen BET
surface area (with deviation up to 10%).

CO, Adsorption on Coals Figure 7. shows the GO

using four model parameters as described above. The Adsorption on Pocahontas and lllinois No. 6 Coalssa
surface area obtained by evaluating the C parameter °C, conducted by Sudibandriyo [11]. The nitrogen BET

using in this method is 59 %g, which is also not
significantly different from the one obtained using
nitrogen BET surface area.

CO, Adsorption on Activated Carbons Figure 5.
shows the C@adsorption on Calgon-Activated Carbon
at 45C, conducted by Sudibandriyo [9]. The
information from the company saying that its suefac
area is about 900 #y. The solid line in Figure 5
represents the fitted OK model using four model
parameters; i.60,. = 23.5 mol/l;e/k = 84.3 K;e4 /k =
-1710 K, andC = 4.50 mmol/g. As shown in the figure,
the model can represent the experiment data quate w
within  3.4% AAPD (Average Absolute Percent
Deviation). Parameter C in the model can be used to
calculate the surface area of Activated CarbonguEia.
(8). The surface area obtained using this meth@B%
m/g, which is not significantly different from the
information obtained from the company.

Figure 6. shows the GQAdsorption on two Activated
Carbons (Local and Synthesized) at°85 conducted in
our Laboratory using new experiment apparatus get u
The Nitrogen BET Surface areas obtained using
AUTOSORB-6 are 1065 and 550 for Local (High
Surface Area) and Synthesized (Low Surface Area)
Activated Carbon, respectively. The solid line igufe

6 represents the fited OK model using four model
parameters as described above. As shown in theefigu
the model can represent the experiment data quete w
in higher pressure, but in the lower pressure the
experimental data do not fit very well with the nebd
However by minimizing the error, the surface araa c
be obtained by evaluating the C parameter. Usiig th
method the surface areas are obtained to be 1088 an
494 nflg for high and low surface area types of activate
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Figure 4. Experiment @) and OK Model (=) of CO,
Adsorption on Local Zeolite
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surface areas obtained from literature [2] are @ 2@
m?/lg for Pocahontas and lllinois No 6 coals
respectively. The solid line in Figure 14 represdhe
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Table 2. Comparisons of Surface Area Determined Usin
CO, Adsorption—OK Model and N-BET Methods

Temp. of OK -
co, Model N,—BET
Adsorbents . Surface Surface
Adsorption i
°C) Arzea Area (n/g)
(m“g)

1 Zeolite Linde 50 438 494
5A

2 Zeolite 30 59 51
(Local)

3 Activated 45 935 900
Carbon
(Calgon)

4 Activated 30 1038 1065
Carbon
(Local)

5 Activated 30 494 550
Carbon
(Local)

6 Coal 55 173 0
(Pocahontas)

7 Coal (lllinois 55 261 30
No 6)

fitted OK model using four model parameters; pg=
23.5 mol/l;e/k = 84.3 K;e4/k = -1540 K (Pocahontas),
eg/k =-1250 K (lllinois No. 6), ancC = 0.798 mmol/g
(Pocahontas)C = 1.204 mmol/g (lllinois No. 6). As
shown in the figure, the model can represent the
experiment data well within 1.8% and 5.0% AAPD for
Pocahontas and lllinois No. 6 coals respectivelye T
surface areas obtained using Eq. (8) are 173 atd 26
m?/lg for Pocahontas and lllinois No. 6 coals
respectively. These results give more reasonable

numbers of surface areas than the numbers obtained

from nitrogen BET determination method.

4. Conclusion

A set of an inexpensivapparatus has been developed
and set up in this research project, which proedew
simple method capable of determining the surfaea ar

of porous materials via measurement of,G&btherm
adsorption. The OK model is capable of representing
the CQ isotherm adsorption data within 5% deviation
in average. The combined ¢@otherm adsorption and
OK Model can be used to determine the surface areas
porous materials (evaluated, i.e. Zeolites, Actdat
Carbons, and Coals) with reasonable accuracy sesult
The new method can be used to determine the surface
area of porous materials using £@dsorption data at
various temperatures without sacrificing their aacy.
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