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Adsorption of Carbon Dioxide onto EDA-CP-MS41

Kyu-Suk Hwang,' Young-Sik Son,' Sang-Wook Park,! Dae-Won Park,’

Kwang-Joong Oh,' and Seong-Soo Kim?

' Division of Chemical Engineering, Pusan National University, Busan, Korea
2School of Environmental Science, Catholic University of Pusan, Busan, Korea

Carbon dioxide was adsorbed onto mesoporous adsorbent of
ethylene diamine immobilized CP-MCM41 (EDA-CP-MS41),
which was synthesized by chloropropyl functionalized MCM-41
(CP-MS41) with ethylene diamine, in a laboratory-scale packed-
bed. The adsorber was operated batchwise with the charge of adsor-
bent in the range of 1-3 g to obtain the breakthrough curves of CO,.
Experiments were carried out at different adsorption temperatures
(30-50°C) and flow rates of nitrogen (15-60 cm>/min) to investigate
the effects of these experimental variables on the breakthrough
curves. The deactivation model was tested for these curves by
combining the adsorption of CO, and the deactivation of adsorbent
particles. The observed values of the adsorption rate constant and
the deactivation rate constant were evaluated through analysis of
the experimental breakthrough data using a nonlinear least squares
technique. The experimental breakthrough data were fitted very well
to the deactivation model than the adsorption isotherm models in the
literature.

breakthrough curve; carbon dioxide; deactivation
model; mesoporous adsorbent

Keywords

INTRODUCTION

Carbon dioxide (CO,) produced by combustion of fossil
fuels is regarded as the most significant greenhouse gas
with its increasing accumulation in the atmosphere attract-
ing worldwide attention (1). Various methods have been
used to remove it: absorption by solvent and adsorption
by molecular sieve, membrane separation, and cryogenic
fractionation. In particular, absorption has been widely
used in the chemical industries, as with the Benfield Process
(2). Adsorption is one of the most widely employed meth-
ods in practical industrial operation because of the easy
operation and low cost with efficient recovery of the solute
(3). The most important characteristics of porous adsor-
bents are their surface properties such as porous structure,
pore size distribution, wall thickness, specific surface area,
and hydrophilic-hydrophobic properties. The discovery of
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the M41S family by a Mobil scientist (4, 5) generated a great
deal of interest in the synthesis of organically-functionalized,
mesoporous materials for their application in the fields of cat-
alysis, sensing, and adsorption, given their high surface areas
and large ordered pores ranging from 20 to 100 A (5) with nar-
row size distributions. High chemical and thermal stabilities
also make them potential and promising candidates for the
reactions of bulky substrate molecules. In general, hybrid
organic-inorganic materials have been prepared via
post-grafting or co-condensation techniques. In 2000, Bhau-
mik and Tatsumi (6) reported a grafting technique through
a co-condensation method for hybrid MCM-41 using haloge-
nated organosilanes. Recently, a new synthetic approach for
the preparation of hybrid inorganic-organic mesoporous
materials has been developed based on the co-condensation
of siloxane and organosiloxane precursors in the presence of
different templating surfactant solutions (4, 7-11). However,
removing the surfactants by acid leaching leads to
meso-structural disorder in the functionalized mesoporous
materials (10). Although this methodology has been adopted
for hybrid MCM-41, several studies (12-16) reported
post-grafting techniques rather than a co-condensation
method.

The idea of grafting functional groups onto the pore
walls of silica and ordered mesoporous silica is a known
strategy for the design of promising new adsorbents and
catalysts. Although considerable research effort has been
developed to the sweetening of sour natural gases, few
studies have been reported on the performance of solid
materials as sorbents for CO, and SO,; chemisorption of
sulfur dioxide (17) or carbon dioxide (18-24) amine-
modified silica-gel.

The diffusion may have an effect on the reaction kinetics
(25) in a non-catalytic heterogeneous gas-solid reaction
such as adsorption that accompanies chemical reactions.
It is complicated to analyze the experimental breakthrough
data in a fixed bed, because reasonable diffusivity (26) of a
solute and physical properties of solid particle need to be
known. The conventional isotherm models (27, 28), such
as the Langmuir, Freundlich, Brunauer-Emmett-Teller
(BET), and Dubinin-Radushkevich-Kagener (DRK) model



08:53 25 January 2011

Downl oaded At:

86 K.-S. HWANG ET AL.

have been used to obtain the adsorption kinetics, but it is
difficult and tedious to prepare the experimental values of
the sorption isotherm. Conversely, the deactivation model
(DM) (29-31), as a simplified model, has been used to
predict the breakthrough curve, assuming that the forma-
tion of a dense product layer over the surface of the adsor-
bent changed the number of active sites and the possible
variations in the adsorption of active sites to cause a drop
in the adsorption rate. This model makes the breakthrough
curve analyzed easily and correlated with adsorption
isotherm. Park et al. have investigated the reaction kinetics
in carbonation of sodium carbonate (32) and potassium
carbonate (33) with CO,, and adsorption kinetics in
adsorption of toluene vapor onto activated carbon (34)
from analysis of the experimental breakthrough data in a
fixed bed with DM.

To our knowledge, no literature report about analysis of
adsorption kinetics onto amine-modified material from the
experimental breakthrough data using DM to capture CO,
has yet been published. Park et al. in the literatures, as
mentioned above, have not used amine-modified material
to capture CO,. In this study, the solid particle of ethylene
diamine-immobilized ionic liquid (EDA-CP-MS41) on the
hybrid CP-MCM41, synthesized in the previous work
(24), was used as an adsorbent of CO,, which is one of
the series of works (32-34) to investigate the adsorption
kinetics from analysis of the experimental breakthrough
data by DM and to present the relationship between the
breakthrough data and the adsorption isotherm.

THEORY

The formation of a dense product layer over the solid
adsorbent creates an additional diffusion resistance and is
expected to cause a drop in the adsorption rate. One would
also expect it to cause significant changes in the accessible
pore volume, active surface area, and activity per unit area
of solid adsorbent with respect to the extent of the adsorp-
tion. All of these changes cause a decrease of vacant surface
area of the adsorbent with time. In DM, the effects of all of
these factors on the diminishing rate of CO, capture are
combined in a deactivation rate term.

With assumptions (34) of the pseudo-steady state and
the isothermal species conservation equation for CO; in
the fixed bed is

dCx
—QOK—kOCAOCZO (1)
In writing this equation, axial dispersion in the fixed bed
and any mass transfer resistances are assumed to be negli-
gible. According to the proposed DM, the rate of change of
the activity of the solid adsorbent is expressed as

da
—— = kgCp o™ 2
dt dae )

The zeroth solution of the deactivation models is obtained
by taking n=0. m =1, and the initial activity of the solid as
unity.

a = exp[—koTexp(—kqt)] (3)

Equation (3) is identical to the breakthrough equation
proposed by Suyadal et al. (31) and assumes a fluid phase
concentration that is independent of deactivation processes
along the adsorber. More realistically, one would expect
the deactivation rate to be concentration-dependent and,
accordingly, axial-position-dependent in the fixed bed.

To obtain the analytical solution of Eq. (1) and (2) by
taking n=m=1, an iterative procedure is applied. The
procedure used here is similar to the paper proposed by
Dogu (35) for the approximate solution of nonlinear equa-
tions. In this paper, the zeroth solution of Eq. (3) is substi-
tuted into Eq. (2), and the first correction for the activity is
obtained by the integration of this equation. Then, the
corrected activity expression is substituted into Eq. (1),
and integration of this equation gives the first corrected
solution for the breakthrough curve.

[1 —exp(kot(1 — exp(—kqt)))]
1 — exp(—kqt)

a = exp exp(—kqt)| (4)

This iterative procedure can be repeated for further
improvement of the solution. In this procedure, higher-
order terms in the series solutions of the integrals are
neglected. The breakthrough curve for the deactivation
model with two parameters (k,7 and ky) is calculated from
the concentration profiles by Eq. (4).

EXPERIMENTAL
Chemicals

All chemicals were of reagent grade and were used
without further purification. Purity of both CO, and N,
was greater than 99.9%. Ethylene diamine (EDA), tetra-
ethylorthosilicate (TEOS), 3-chloropropyltriethoxysilane
(CITPES), cetyltrimethylammonium bromide (CTMABTr),
and tetramethylammounium hydroxide were supplied by
Aldrich Chemical Company, U.S.A.

Synthesis of EDA-CP-MS41

CP-MS41 was synthesized by hydrolysis of TEOS, as a
silicon source, with CITPES as an organosilane using
CTMABr as a template. EDA-CP-MS41 was synthesized
by immobilization of EDA on the mesoporous
CP-MCM41. Both synthetic procedures of CP-MS41 and
EDA-CP-MS41 followed previous work (16). FT-IR spec-
trum of CP-MS41 and EDA-CP-MS41 was shown in Fig. 1
to present characterization of the organic groups in the
adsorbent. As shown in Fig. 1, EDA immobilized on
CP-MS41 was observed from IR bands such as -NH, in
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FIG. 1. FT-IR spectrum of CP-MCM41 (a) and EDA-CP-MS41.

the range of 3400-3300cm ™' and 1600-1400cm ™', and
-CH, in the range of 30002800 cm~'. From the previous
work, the measured values of the surface arca by BET
isotherm, particle size by SEM, pore diameter by N,
adsorption using the BjH method, and micropore surface
and micropore volume by t-plot method of CP-MS41 were
885m?/g, 5.0 um, 28 A, 105m?/g, and 0.06cm?®/g, respec-
tively. The adsorption-desorption isotherms of CP-MS41
was type IV in nature and indicated the presence of
mesopores (20).

An Apparatus for CO, Capture and its Operation

An adsorption experiment (Fig. 2) was carried out in the
presence of CO, with EDA-CP-MS41 adsorbent in a fixed
bed pyrex glass reactor with internal diameter of 2cm. CO,
was carried by nitrogen gas through a sparger. The concen-
tration of CO, in the nitrogen stream at the outlet of the
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1. gas bomb 7. sample

2. mass flow controller 8. glass wool

3. flow indicator 9. temperature probe

4. saturator 10. temperature controller

5. heating line 11. GC(gas chromatography)
6. furnace 12. personal computer

FIG. 2. Schematic diagram of a fixed bed apparatus.

sparger was measured by a gas chromatograph. The flow
rate of gas mixture of CO, and nitrogen were within the
range of 15-60 cm®/min (measured at 25°C). The amount
of adsorbent and the adsorption temperature were in the
range of 1-3g, 30-50°C, respectively. Experiments were
repeated 3 times to obtain the average value for each type
of experiment. A gas chromatograph (detector: thermal
conductivity detector; column: Haysep D (10 feet by 1/8
inch of stainless steel; detector temperature: 190°C; feed
temperature: 160°C; flow rate of He: 25.7 cm? /min;
retention time of N,, CO,: 1.497, 2.08 min, respectively.)
connected to the exit stream of the adsorber allowed for
on-line analysis of CO, and N,.

EDA-CP-MS41 particles were supported by glass wool
from both sides. The adsorber was placed into a tubular
furnace equipped with a temperature controller. The length
of the fixed adsorbent section of the bed was Scm of the
adsorber. Temperature profiles were not observed within
this section. All of the flow lines between the adsorber
and the gas analyzer were heated to eliminate any conden-
sation. Three-way valves placed before and after the adsor-
ber allowed for flow of the gaseous mixture through the
bypass line during flow rate adjustments. Composition of
the inlet stream was checked by the analysis of the stream
flowing through the bypass line at the start experiments.
The experimental procedure used to obtain the break-
through curve of CO, was the same as that reported in
detail previously (34).

RESULTS AND DISCUSSION

To investigate the adsorption kinetics of CO, on EDA-
CP-M$S41 using two parameters of DM, the breakthrough
curves of CO, were measured according to changes of the
experimental variables such as flow rate of carrier gas,
amount of adsorbent, and adsorption temperature.

Effect of Flow Rate of Gaseous Mixtures of CO, and N,

To investigate the effect of flow rate of gaseous mixtures
of CO, and N, on the kinetics, the breakthrough curves of
CO, were measured in the range of flow rate of gaseous
mixtures from 15-60 cm?/min (measured at 25°C) under
the typical experimental conditions such as 15% of CO,
concentration, 30°C and 2g of the adsorbent. The mea-
sured outlet concentrations of CO, were typically plotted
against the adsorption time for the various flow rates indi-
cated as various symbols in Fig. 3.

As shown in Fig. 3, a shift of breakthrough curves to
shorter times was observed at a greater flow rate of the gas-
eous mixture with decrease in the amount of CO, that the
bed can hold up to a certain breakthrough level. This result
means that the adsorbed amount of CO, decreases as the
space time of the gaseous mixtures in the fixed bed
decreases. The breakthrough curve was evaluated by
analysis of the experimental breakthrough data using a
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FIG. 3. Effect of flow rates of gaseous mixtures on the breakthrough
curve of CO,. (ya=0.15, W=2g; T=30°C).

nonlinear least squares technique with the parameters of kg4
(tabulated in Table 1), and drawn as a solid line in Fig. 3.
The standard deviations of the experimental k.t and kg4 in
Table 1 were added. As shown in Fig. 3, the regression ana-
lysis of the experimental breakthrough data gave very good
agreement with the breakthrough equation Eq. (4) with
regression coefficient more than 0.997. As shown in
Table 1, the values of k,t decreased with increasing Q,
where the k,’s and kg’s were almost same.

Effect of Amount of EDA-CP-MS41

A set of experiments was performed to investigate the
effect of the mass of EDA-CP-MS41 in the range from 1
to 3g on the CO, breakthrough curves. As shown in
Fig. 4, a good description of data was obtained by using
Eq. (4) for each set of amount of EDA-CP-MS41 at ya
of 0.15, T of 30°C, and Q, of 35cm?/min.

Also, the adsorbed amount of CO, increased with
increasing the amount of EDA-CP-MS41. The model
parameters determined from the analysis of the experi-
mental breakthrough data are tabulated in Table 1. As
shown in Table 1, the values of k,t increase with
increasing W whereas the k,’s and kg’s are almost
same.

Effect of Feedstock Concentration of CO,

To determine the dependence of the adsorption
parameters on the feedstock concentration of CO,,
the breakthrough curves of CO, were measured in
the range of CO, concentration from 5-50% at flow
rate of the gaseous mixture of 35 cm?/min, temperature
of 30°C, and EDA-CP-MS41 of 2g. A good fitting of
DM predictions to experimental data could be seen
by inserting the corresponding values of the para-
meters tabulated in table 1 into Eq. (4) and was shown
in Fig. 5. As shown in Fig. 5, the acceleration of the
CO, breakthrough was observed with an increased
feedstock concentration of CO,. This behavior indi-
cated a much quicker saturation of the adsorbent,
because the EDA-CP-MS41 used in this study was
relatively mesoporous, so that internal diffusion might
have been a rate-limiting step in the kinetics of physi-
cal CO, adsorption.

TABLE 1
Rate parameters for various experimental conditions
Q. ko x 10° kq
T (°C) (cm? /min) W (g) Va kot (m/min) (m?/kmol - min) 1 (—)
30 15 2 0.15 7.278 (+0.003) 6.151 0.074 (£0.001) 0.997
30 35 2 0.15 3.019 (£0.004) 5.960 0.093 (£0.002) 0.997
30 35 2 0.15 4.523" (+0.005) 8.930° 0.064" (4+0.004) 0.996
30 60 2 0.15 1.738 (+0.002) 5.882 0.086 (+0.003) 0.996
30 35 1 0.15 1.534 (+0.003) 6.057 0.082 (£0.002) 0.998
30 35 2 0.15 3.019 (+0.004) 5.960 0.093 (£0.002) 0.997
30 35 3 0.15 4.395 (£0.002) 5.785 0.101 (£0.004) 0.998
30 35 2 0.05 2.911 (£0.004) 5.747 0.087 (£0.002) 0.996
30 35 2 0.15 3.019 (40.004) 5.960 0.093 (£0.002) 0.997
30 35 2 0.50 3.114 (+0.002) 6.148 0.106 (£0.004) 0.998
30 35 2 0.15 3.019 (£0.004) 5.960 0.093 (£0.002) 0.997
40 35 2 0.15 3.787 (£0.002) 7.477 0.288 (£0.001) 0.999
50 35 2 0.15 4.489 (£0.003) 8.863 1.004 (£0.003) 0.998

The asterisk symbol (*) means adsorption with moisture.
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FIG. 4. Effect of amount of adsorbent on the breakthrough curve of
CO,. (Qo=35cm’/min, y, =0.15, T=30°C).
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FIG. 5. Effect of adsorption temperature on the breakthrough curve of
CO,. (Qo=35cm?/min, W=2g, y, =0.15).

Effect of Adsorption Temperature

To investigate the effect of adsorption temperature
on the adsorption kinetics, the breakthrough curves of
CO, were measured in the range of temperature from

09
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FIG. 6. Effect of CO, concentration on the breakthrough curve of CO,.
(Qo=35cm’/min, W=2g, T=30°C).

30-50°C. The measured outlet concentrations of CO, were
typically plotted against the adsorption time for the various
temperatures indicated as various symbols in Fig. 6 under
the typical experimental conditions of 35 m3/min of the
gaseous mixture and 2g of EDA-CP-MS41. The model
parameters were evaluated by analysis of the experimental
breakthrough data using a nonlinear least squares techni-
que and were tabulated in Table 1. The results in Fig. 6
indicated a shift in breakthrough curves toward the left
with increased temperature, which might be attributed to
an increase in the amount of adsorbed CO, due to increase
of reaction and deactivation and was the same result of the
breakthrough curves of trichloroethylene vapor on acti-
vated carbon (31). Arrhenius plots of k, and kg were shown
in Fig. 7. The activation energy for the adsorption (AE,)
and deactivation (AE4) were obtained from the slopes of
plots in Fig. 7, and their values were 16.2 and 96.7 kJ /mole,
mole, respectively.

Adsorption Accompanied with Chemical Reaction

Although it has been shown that there are a variety of
species formed in adsorption of CO, onto amine-modified
silica gel, as reported in Chang et al. (22), some authors
(18, 20) present the simple mechanism. In this study, the
adsorption of CO, onto the solid particles with and with-
out moisture was assumed simply to occur as shown in
Fig. 8 (18).

The surface interaction of CO, with EDA-CP-MS41 was
confirmed using FT-IR spectrums as follows: IR bands were
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FIG. 7. Effect of adsorption temperature on dimensionless absorption
rate constant and deactivation rate constant.

complicatedly observed in the range of 1700-1300cm ';
adsorbed gaseous CO, (1330cm™ '), bicarbonate in C-O
bending (1382cm™ "), carbamate in C-O bending (1432 and
1485cm™ "), and NH; (1560 and 1635cm™"). From these
results, the surface interaction of CO, with the amine-
modified samples (EDA-CP-MS41) was confirmed. These
results were the same as those of Huang et al. (20).

The breakthrough curves of CO, were measured at CO,
concentration of 15%, the flow rate of the gaseous mixture
of 35cm?/min, temperature of 30°C, and EDA-CP-MS41
of 2 g with and without water moisture in Fig. 9.

As shown in Fig. 9, the breakthrough curve shifts
toward the right with water moisture, and k,t and kg, tabu-
lated in Table 1, were 4.523 and 0.064m®/kmol-min,
respectively. This k,t was larger than that without water
moisture and the k4, smaller than that without moisture.
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FIG. 8. Surface reaction mechanism of CO, without and with moisture
for adsorption of CO, onto EDA-CP-MS41.
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FIG. 9. Effect of moisture on the breakthrough curve of CO,.
(Qo=35cm’/min, yo =0.15, W=2g, T=230°C).

The upper area of the breakthrough curve of CO, was inte-
grated according to the adsorption stream time to evaluate
the weight change of CO,, which was shown in Fig. 9. The
amount of CO, adsorbed with moisture was 555mg/
g-adsorbent, which was 86% larger than 298 mg/g-
adsorbent during 200 minutes. The adsorption should
increase about two times in the presence of water, but, it
was about 1.86 times. This value may be acceptable figures
from the engineering point of view with experimental error.

Comparison of the Proposed Models

Several equilibrium models (28), which have been devel-
oped to describe adsorption isotherm relationships, are
useful for describing adsorption capacity and theoretical
evaluation of thermodynamic parameters, such as heats
of adsorption. But, sometimes the experimental procedure
to prepare the adsorption isotherm relationships is very
tedious and takes too much time. The equilibrium concen-
trations between two phases, which are used to describe the
adsorption isotherm relationships, can be obtained by Eq.
(5) and (6), where a(t), x and y are the dimensionless con-
centrations of CO, in the breakthrough data (36), in the
gas phase and solid phase, respectively.

_ [ra(t)dt
*= [ a(t)dt ®)
t—x [Fa(t)dt ()

YT TRt —x [Ca(tydt
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TABLE 2
Selected adsorption isotherms to fit the breakthrough data of CO, for comparison with the deactivation model

Mathematical representation
of adsorption isotherms

Adsorption isotherms

Parameters and

Linearized forms correlation coefficient

Langmuir . ax
YT 0 +bx)
Freundlich y=ax®

Brunauer-Emmett-Teller
Dubinin-Radshkevich-Kagener y=a exp[—bIn*(x)]

Deactivation model (this study)

Y= T

x according to Eq. (5)
y according to Eq. (6)

l_i+9 a=15.678
y ax a b=12.897
r’=0.897
In(y) = In(a) + bln(x) a=1.2323
b=0.4092
1’ =0.925
ﬁz&l%—bx a=—0.4415
b=5.7137
r’=0.453
In(y) = In(a) — bln’(x) a=0.9487
b=0.0844
1’ =0.987
kgt =3.019
kq=0.093
1 =0.994

As shown in Eq. (5) and (6), the ranges of x and y are
between 0 and 1, respectively. The equilibriums for
single-solute sorption given in the literature (28) are
frequently presented as dimensionless concentration
isotherms. To compare the deactivation model with the

600
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without moisture

500 | with moisture
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300 |

200 |

CO, weights change (mg / g sorbent)
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FIG. 10. Amount of CO, adsorbed with/without moisture under the
same experimental conditions in Fig. 9.

equilibrium isotherm models, models selected by Suyadal
et al. (31) were used as follows; Langmuir, Freundlich,
BET, and DRK model, whose formulas were listed in
Table 2. The typical experimental conditions indicated as
circle were used, i.e., a gaseous flow rate of 35 cm? /min,

1.0 3
Langmuir

0.8 |
©
Jc:r@ 0.6 |
a Deactivation
,'g (This study)
o
< 04 }q BET
>~

0.2

Separation factor = 1
0.0 % | | L
0.0 0.2 0.4 0.6 0.8 1.0
x (gas phase)

FIG. 11. Comparison of the model in describing the experimental break-
through curve of CO, according to Table 2 under the same experimental
conditions in Fig. 9.
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amounts of EDA-CP-MS41, 2 g, and adsorption tempera-
ture, 30°C. Using a(t) obtained from the experimental
parameters, the values of x and y obtained from Eq. (5)
and (6), were shown in Fig. 11 and used to obtain to give
the constants of a and b in each model.

As shown in Table 2 and Fig. 11, the proposed deactiva-
tion model fitted the data with the highest correlation (r?)
of 0.994, and the adsorption of CO, on EDA-CP-MS41
might be favorable isotherms due to the separation factor
less than unity. Failure of BET, Langmuir, DRK, and
Freundlich model in order in the fitting with the experi-
mental data in Fig. 10 may be explained by the gas-solid
heterogeneous reaction containing adsorption between
CO, and EDA-CP-MS41.

CONCLUSIONS

Mesoporous EDA-CP-MS41 was used as an adsorbent
to capture CO, and the breakthrough data were measured
in a fixed bed to observe the adsorption kinetics. The
adsorption kinetics was assumed to be the first-order with
respect to the concentration of CO, and the activity of the
adsorbent, respectively. The adsorption and deactivation
rate constant were evaluated by the deactivation model
through analysis of the experimental breakthrough data
using a nonlinear least squares technique. Moisture actually
increased the CO, adsorption capacity because of the spe-
cial chemical reaction mechanism between CO, and amines
in EDA-CP-MS41. The experimental breakthrough data
were fitted very well to the deactivation model than the
adsorption isotherm models in the literature.

NOMENCLATURE

a ratio of outlet concentration of CO, to inlet
concentration

Ca outlet concentration of CO, in gaseous
stream

Cao inlet concentration of CO, in gaseous stream

kq deactivation rate constant (m® /kmol - min)

ko adsorption rate constant (m/min)

m deactivation order in Eq. (2)

n adsorption order in Eq. (2)

Q. flow rate of gaseous mixtures of N, and
CO,(m> /min)

r correlation coefficient

S surface area of adsorbent (m?)

t adsorption time (min)

T adsorption temperature (K)

X dimensionless concentrations of CO, in gas
phase through the sorption isotherm

y dimensionless concentrations of CO, in solid

phase through the sorption isotherm
YA mole fraction of CO,
W amount of adsorbent (g)

Greek Letters

o activity of the solid adsorbent

T surface-time defined as ratio of S to
Qo(min/m)

Subscript

A CO,
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