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Pure and Binary Adsorption Equilibria of
Methane and Carbon Dioxide on Silicalite

Peiyuan Li and F. Handan Tezel
Faculty of Engineering, Department of Chemical Engineering, University
of Ottawa, Ottawa, Ontario, Canada

Abstract: For the separation of CH, and CO, from landfill gas, pure and binary adsorp-
tion behavior of these gases were studied up to 5 atmosphere pressure at 40, 70, and
100°C for silicalite as the adsorbent. Pure and binary adsorption isotherms were deter-
mined experimentally and compared to predicted isotherms by several equilibrium
models, as well as the other available data in the literature. Experimental binary
isotherms at different concentrations were determined by using three concentration
pulse methods (CPM). HT-CPM (Harlick-Tezel CPM) was observed to be the best
one to describe the behavior of this binary system. Equilibrium phase diagrams and
separation factors were obtained from the experimental binary isotherms. For this
system, the integral thermodynamic consistency tests were also shown and discussed.

Keywords: Gas separation, adsorption, carbon dioxide, methane, concentration pulse
method, landfill gases, isotherms, silicalite, greenhouse gases

INTRODUCTION

The global environment is a major issue today, and global warming in particular
is the focus of much attention. Accumulation of greenhouse gases (GHG) in the
atmosphere is responsible for increased global warming of our planet. It is
assumed that the increasing concentration of carbon dioxide, mainly from
flue gas, automobile, and landfill emissions in the atmosphere is the major con-
tributor to this problem with more than 80% of total GHG emissions (1, 2).
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Besides, methane is the most important non-CO, GHG responsible for global
warming with more than 10% of total GHG emissions. Despite the much
smaller amounts of methane released to the atmosphere, the greenhouse
warming potential (GWP) of this gas is much higher than carbon dioxide.
Therefore, any reduction in methane emissions is important in the short- and
medium-term atmosphere reconstruction (1). Landfill gas (LFG) is a
multi-component mixture containing mainly methane and carbon dioxide,
which constitutes one of the main sources of methane and carbon dioxide
emissions, and can be treated as an important resource of directly available
methane. This reason, together with a tighter control in emissions to meet
Kyoto Protocol targets, puts LFG into consideration for energy production as
a source of natural gas, which is mainly methane (1, 3). This requires the
removal of CO, from landfill gas for the enrichment of methane gas. For this
separation, binary gas isotherms of CO,-CH, mixture were obtained by
gravimetric, volumetric (4), and concentration pulse chromatographic
techniques (5-9) for several adsorbents in the literature. The use of concen-
tration pulse chromatography for adsorbent screening is very attractive since
it is relatively inexpensive to setup and easier to operate. A method using the
K,-functions proposed in the literature for determining the binary isotherms
from concentration pulse chromatographic data has been given and shown
capable of interpreting highly selective binary systems (6, 10—14).

In the work presented in this paper, the adsorption separation of carbon
dioxide and methane was studied with silicalite adsorbent. Pure and binary
isotherms were obtained by the constant volume and the concentration pulse
chromatographic techniques, respectively, and compared to the predicted
ones, as well as other experimental data in the literature. Equilibrium phase
diagrams, as well as the separation factors were determined from the exper-
imental binary behavior of this system. Also, the thermodynamic consistency
tests between pure and binary gas adsorption systems were discussed.

THEORY

Models for mixed-gas adsorption are crucial to the design of adsorptive gas
separation processes. They should be capable of predicting the equilibrium
amount adsorbed from pure gas isotherms. Because of the lack of experimen-
tal mixture data, however, none of the theories or models has been extensively
tested. In the literature, there are several gas adsorption isotherm models often
used to predict binary systems, including extended Langmuir (15), extended
dual-site Langmuir (16), extended Sips (17), ideal adsorbed solution theory
(18), Flory-Huggins vacancy solution theory (VST) (19) and the statistical
model (20). These models were compared to the experimental mixture
isotherms obtained in this study.

For the determination of mixture behavior, concentration pulse chromato-
graphic technique was used. In this technique, a pulse of the sample gas is
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injected into the carrier gas stream and passes through the column. The response
of the column to the injection is measured as concentration vs. time at the exit of
the column. From this response peak a mean retention time of the sample, w,
defined as the first moment of the chromatogram, is determined experimentally
(10). Dimensionless Henry’s Law constant, K, can be determined from the
corrected first moment of the response peak as follows (9, 14, 21, 22):

_jowc(t—MD)dt_I:[ (1—8)1(]
 [Jeat v SR

(1

where 1 is the time, c¢ is the adsorbate concentration measured at the outlet of the
column, L is the column length, ¢ is the bed porosity, v is the interstitial fluid
velocity, K is the dimensionless Henry’s Law adsorption equilibrium constant,
and pp is the dead time.

The dimensionless Henry’s Law constants, K, can be converted to a
dimensional form, K),, as follows (22) and gives the slope of the adsorption
isotherm for pure component systems.

K — K
" RTpp

2

where T is the absolute temperature, p, is the density of the pellets of the
adsorbent and K, is the dimensional Henry’s Law adsorption equilibrium
constant.

For the binary mixture systems, the K}, value is related to the slopes of the
isotherms of the individual components in the carrier gas mixture. For a binary
mixture, the relationship is given as follows (11):

dgi . 4o

— 3
dP, +n ap 3)

Kp = (1 -y 1)
where dq,/dP, and dg,/dP, are the slopes of the adsorption isotherms for
components 1 and 2, respectively.

This method allows for the experimental evaluation of the binary mixture
isotherms when K, values are determined for different concentrations of the
carrier gas (11).

For binary isotherms, both components in the mixed carrier gas are
adsorbed and dg,/dP- in the last term of Eq. (3) is not constant. The exper-
imental K, data represent the combined contribution of both components to
the isotherms. The interpretation of the binary K, data has been treated by
several methods in the literature (6, 10, 14, 23). Commonly used methods
are listed in Table 1.

The thermodynamics of pure and binary gas adsorption systems has been
extensively studied using the Gibbsian surface excess (GSE) model (24),
which can be differentiated or integrated using different thermodynamic
paths in order to generate various thermodynamic consistency tests. For
binary gas adsorption systems, it has been used to develop several



09: 23 25 January 2011

Downl oaded At:

3134 P. Li and F. H. Tezel

Table 1. Concentration pulse chromatographic methods often used in the literature

MVV-CPM (modified Van der Vlist and Van der Meijden-concentration pulse
method) (10, 12, 14)

4-parameter function Ky =Ao+Ay + Ayt +Asys
Isotherm slope functions dq,/dP, = By + By, + Bzy%
dq>/dP, = Co+ Cyyy + Coyt
Binary isotherm functions g1 = (Boy1 + (B1/2) y3 + (B2/3) Y)P
2=[Co(1=y)+Ci/2(1 =y +GC/3
(1 =P
MTT-CPM (modified Triebe and Tezel-concentration pulse method) (23)

5-parameter function Ky=A_1 (B+y)+Ao+Ai1/(B+y)
+A/(B+ )’
Isotherm slope functions dqi/dPy = By + B1/(B+y1) + B2/ (B +y1)

dga/dPy = Co+ C1/(B+y1) + Co/ (B+ )
Binary isotherm functions q1 = [Boy, + B In[(B+y))/Bl + B> y,/B(B+y)IP
g =[Co(1 =y)—CiIn[(B+y)/B+ 1]+
C(1 —yn)/(B+ D)(B+y)IP
HT-CPM (Harlick and Tezel-concentration pulse method) (6)

5-parameter function Ky = Ay +Asy; +Asyi +As In [y + Al
Isotherm slope functions dq,/dPy, = By + 2By, + B3/|y; + Al
dqp/dP, = C 4 2Coy; + C3/|yy + Al
Binary isotherm functions g1 = [B1yy + Boyi + B3 In |(y; + V) /AP
@2 =1C (1 = y)+Co(1 = yD) =
Cs In |(y; +1)/(1 + V[P

relationships for checking both the thermodynamic consistency between pure
and binary gas equilibrium adsorption data as well as the internal thermodyn-
amic consistency of the binary adsorption data itself. These relationships of
integral and differential consistency tests have been developed for pure and
binary gas adsorption data. The integral test requires the measurement of
both pure gas and binary gas adsorption isotherms shown below (25):

P P 1
0 0
1 — —
_J@dP _ _J@dp :Jql( Y1) LI
P P yi(l =y1)
0 0
or
P 0 P 0 1 1
J 9 p J D yp_ J el =y) =@ . @)
oP 0P yi(l —y1)

where ¢ and ¢ are the amount adsorbed of Components 1 and 2 respectively
in the pure gas systems, P is the total pressure, g; and g, are the amounts
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adsorbed of Components 1 and 2, respectively in the binary system, y; is the
mole fraction of Component 1 in the binary system. The two terms of the left
side are the potentials of adsorption at P and T for pure gases 2 and 1, respect-
ively. They can be estimated as a function of P at constant 7" using the pure gas
adsorption isotherm. Thus, the quantity on the left side at any given values of
P and T can be evaluated from the pure gas adsorption isotherms of the com-
ponents of a binary gas mixture. The quantity on the right side at any given
values of P and T can be evaluated using the binary gas adsorption isotherm
at constant P and 7. These two independently measured quantities must be
equal; this equality forms the basis for the integral consistency test between
pure and binary gas equilibrium adsorption data.

EXPERIMENTAL
Volumetric System

An AccuSorb 2100E Physical Adsorption Analyzer supplied by Micromeritics
Instrument Corporation was equipped with high precise pressure transducers
and thermocouples. Data acquisition was performed using a National Instru-
ments based data acquisition card and Labview 6.1 on a computer. The
adsorbent sample was regenerated at approximately 350°C under vacuum
for approximately 20 hours before use. Helium, with a negligible adsorption
on the adsorbent, was used to measure the dead volume in the gas phase.

Concentration Pulse Chromatography

A schematic diagram of the experimental apparatus is shown in Fig. 1. The
flow rates and compositions of the carrier gases (A) were controlled by two
MKS mass flow controllers (B), and set to a total flowrate of 15 cc/min.
A mixing chamber (C) was installed after the mass flow controllers to
ensure a homogeneous mixture in the carrier gas. The carrier gas passed
through the reference side of the thermal conductivity detector (TCD) (E) in
the system. It then went through the sample injection valve (F), which intro-
duced a 1 cc pulse of adsorbate sample gas (D) at atmospheric pressure into
the mixed carrier gas stream. Then, the carrier and the sample passed
through the packed column (G) and the sample side of TCD (E), where the
response of the column to the sample injection as a voltage was monitored
as a function of time. Data acquisition was performed using a National Instru-
ments based data acquisition card and Labview 6.1 on a computer. The
adsorbent was regenerated at 101.3 kPa and 350°C under helium purge for
approximately 20 hours before use. The column was packed with zeolite
silicalite adsorbent within a Varian 3300 gas chromatograph.
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Figure 1. Schematic diagram of the experimental apparatus: A - Carrier

gases; B — MKS mass flow controllers; C — Mixing chamber; D — Sample
gases; E — TCD; F — Gas injection valve; G — Packed adsorption column within
GC oven; H — Computer data acquisition system.

It is noted that there are two methods to determine the pure isotherms for
the end-points of the binary isotherms. The first one is volumetric method,
which is traditional, popular and reliable which was used in this work. The
latter is concentration pulse chromatographic method, in which helium is
mixed with the adsorbate and used as the carrier gas. The two methods are
consistent with each other according to our study.

When determining binary isotherms, mixed carriers were used without the
He gas. For the CO,-CH, system, CH, was used as the primary gas. Samples of
each gas were injected into the column at different carrier gas concentrations.

It is important to note that the experimental data represents the binary
isotherm’s effective slope at a particular mixture composition. As the
injection volume approaches zero, the K, values found by both injections
should be identical. When CO, is injected, the mixture composition increases
slightly in CO, concentration. When CHy is injected, the mixture composition
decreases slightly in CO, concentration. Therefore, in this study, both adsor-
bates were injected into the mixed carrier gas and the arithmetic average of
the retention times was determined. These average retention times found for
CO, and CH, did not vary by more than 5% for this binary study.

Materials

The adsorbent and sample gases used in the experiments are listed in Tables 2
and 3 respectively. It should be noted that the values of capacities obtained
from experiments were corrected with respect to the binder amount in the
pellets, assuming that the binder does not adsorb at all.
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Table 2. Details of the adsorbent studied

Type Silicalite

Commercial name MOLSIV adsorbents

Commercial number HISIV 3000

Particle form received 1/16 inch extrudate as received

Size used in the column Crushed to 20 x 60 mesh

(diameter)

Content of binder 20 wt%

Particle density 1.131g-cm

Void fraction 0.39

Supplier Universal Oil Products, Des Plaines, IL,
USA

Numerical Methods

A non-linear regression was performed in order to determine the parameters
for the pure component isotherm fits to the Toth isotherm as well as the K,
regressions. In order to solve the equations given by HT-CPM, MTT-CPM
and MVV-CPM, a non-linear equation solver was used. This method was
based on Newton’s method. In order to determine the optimal values of the
B; and C; parameters for the HT-CPM, MTT-CPM and MVV-CPM, a non-
linear constrained optimization technique was used by using the Solver in
MS Excel.

RESULTS AND DISCUSSION
Pure Gas Adsorption of CO, and CH,4 by Silicalite

Adsorption equilibrium isotherm data for CO, and CH, on silicalite pellets
were obtained at three different temperatures for pressures up to 5 atm and
are given in Fig. 2 as data points. All the adsorption capacity values
obtained from experiments were corrected with respect to the binder in this
work. The curves going through the data points represent Toth isotherm
models at the corresponding temperature. The numbered curves are data

Table 3. Details of the gases used

Gases Grade Purity (%) Supplier
CO, Bone dry 3.0 99.9 Praxair Inc., Ottawa
CHy4 Ultra high purity 3.7 99.97 Praxair Inc., Ottawa

He Ultra high purity 5.0 99.999 Praxair Inc., Ottawa
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Figure 2. Isotherms for CO, and CH, on silicalite: The points are experimental data
and the curves through the data points are toth isotherm model fits. The numbered
curves indicate comparisons with the literature: 1: CO,-25°C (26); 2: CO,-31°C
(27); 3: CO,-32°C (28); 4: CO,-80°C (28); 5: CH4-23°C (27); 6: CH4-25°C (26); 7:
CH,4-31°C (28); 8: CH4-81°C (28).

from the literature (as indicated in the figure), given for comparison with the
present study. Although the temperatures are not exactly the same, the quali-
tative comparison with the literature is excellent, with adsorption capacity
increasing with decreasing temperature and/or increasing pressure, for both
of the adsorbates, since physical adsorption is always exothermic. CO, is
adsorbed more than CH, since the quadrupole moment of carbon dioxide is
much higher than that of methane. At low pressure, the slopes of the
isotherms of carbon dioxide are very high, and then the slopes decrease
rather fast with increasing pressure as the adsorbent sample approach to
saturation. However, the slopes of the isotherms of methane hardly decease
as pressure increases, isotherms being more linear at high temperature.

By using non-linear regressions, the parameters of different isotherm
models were obtained and corresponding parameters are shown in Table 4.
For gauging the quality of the non-linear regressions obtained from the
different models used, the RMS (root mean square) deviations ([2(quara-
Gewrve)” / n]*%) are used and shown in Table 4. When two-parameter models,
Langmuir and Freundlich, are compared, Langmuir is better than Freundlich.
When three-parameter models were considered, it was observed that all of
them, Sips, Flory-Huggins vacancy solution theory (VST), Toth and
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Table 4. Parameters and RMS deviations of adsorption models by non-linear regressions

CO, CH,

Models Parameters 40°C 70°C 100°C 40°C 70°C 100°C
Langmuir q=q.BP/1 + BP B (atm™ ") 1.089 0.649 0.332 0.277 0.138 0.071
(2 param.) q,, (mmol - g_l) 2.858 2.834 2911 2.578 3.128 4.345
RMS 0.050 0.040 0.038 0.005 0.005 0.003

Freundlich q=kP'" k (mmol - g~ ' - atm™ /™) 1.340 1.035 0.713 0.555 0.384 0.292
(2 param.) n (dimensionless) 2.295 1.938 1.616 1.540 1.306 1.172
RMS (mmol - g~ ") 0.106 0.067 0.022 0.037 0.021 0.010

Sips (Langmuir- g = ¢,,(BP)""/ B (atm™") 0.675 0.337 0.065 0.242 0.137 0.060
Freundlich) 14 (BP)'/" G (mmol - g~ 1) 3.431 3.697 6.240 2.752 3.134 4.827
(3 param.) n (dimensionless) 1.256 1.249 1.349 1.039 1.001 1.019
RMS (mmol - g~ 1) 0.021 0.012 0.009 0.003 0.005 0.003

Toth (3 param.) q=qnBP/ B (atm ™) 1.397 0.678 0.100 0.257 0.136 0.053
[1+ BP)]"/" g (mmol - g~ 1 3.903 4.885 38.98 2.981 3.166 6.020

n (dimensionless) 0.604 0.537 0.260 0.864 0.991 0.845

RMS (mmol - g~ ") 0.028 0.013 0.011 0.003 0.005 0.003

Flory-Huggins P=1[1/B-q/(1 = q/qm)] B (mmol - g~ ' - atm ™) 3.874 2.608 1.280 0.771 0.434 0.310
VST (3 param.) exp [o? q/qm/ g (mmol - g~ 1 3.082 3.498 5.969 2.976 3.308 5.609
(14> q/qm] ay, (dimensionless) 1.020 1.525 2.123 0.806 0.360 0.697

RMS (mmol - g1 0.032 0.014 0.019 0.003 0.005 0.003
(continued)

BN uo YHD-2Q) Jo uondiospy
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Table 4. Continued

CO, CH,

Models Parameters 40°C 70°C 100°C 40°C 70°C 100°C
Multisite BP =q/q,/ B (atm™ ') 1.002 0.341 0.014 0.180 0.118 0.028
Langmuir (I =q/q)" ¢ (mmol - g~ 1) 3.322 6.567 78.01 4.208 3.683 10.97

(3 param.) n (dimensionless) 1.412 3.881 43.90 2.080 1.248 2.849
RMS (mmol - g1 0.049 0.019 0.027 0.003 0.005 0.003

Dualsite q=qmBP/1+B P)+ B, (atm ") 0.782 0.393 0.190 0.004 0.002 0.062
Langmuir qm2B>P /(1 + B,P) ¢ (mmol - gfl) 2.822 2.904 3.492 14.05 5.091 4.729
(4 param.) B, (atm™ ") 36.44 7.003 11.00 0.347 0.144 0.943
Gz (mmol - g~ 1) 0.217 0.305 0.173 1.989 2919 0.029

RMS (mmol - g~ ) 0.012 0.019 0.027 0.003 0.005 0.003

Temperature q= q,,,(BP)l/"/ B (atm™ ') 0.594 0.343 0.212 0.187 0.143 0.115
independent [1+ (BP)I/"] q,, (mmol - gfl) 3.614 3.614 3.614 3.108 3.108 3.108
Sips n (dimensionless) 1.321 1.223 1.149 1.093 1.002 0.936
RMS (mmol - g1 0.026 0.026 0.026 0.010 0.016 0.011

Temperature q=q.BP/ B (atm™") 1.617 0.640 0.285 0.262 0.172 0.121
independent [T+ (BP)”]I/" ¢, (mmol - g_l) 4.649 4.649 4.649 2.533 2.533 2.533
Toth n (dimensionless) 0.496 0.570 0.635 1.067 1.160 1.283
RMS (mmol - g~ 1) 0.031 0.015 0.024 0.012 0.018 0.016

orie

P23, "H "A pue I'T °'d
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Multisite-Langmuir, are better than the two-parameter models because of their
increased flexibility. The four-parameter model, Dualsite-Langmuir Model, is
better than all the other models used because of its maximum flexibility among
the models applied.

For useful description of adsorption equilibrium data at various tempera-
tures, the temperature independent forms of the Toth and Sips equations were
also used. By using the data at the three experimental temperatures simul-
taneously for curve fitting of both temperature independent Sips and Toth
equations, optimal parameters shown in Table 5 were obtained. The parameters
and RMS deviations at the three temperatures are listed in Table 4. From the par-
ameters given in Table 5 for temperature independent Toth and Sips isotherms,
the experimental data are extended to other temperature and pressures.

By using the Clausius-Clapeyron equation, the isosteric heat of adsorption
on silicalite was obtained at the limit of zero coverage at 313—373 K with the
volumetric method for pure gases: Qcop is 28.31 kJ - mol ! (compared with
27.2kJ -mol~ ! from Dunne et al. (27) and 29.0kJ - mol ' from Dubinin
et al (29)) and Qcpy is 12.52 kJ - mol ! (compared with 12-20 kJ - mol !
from Otto et al. (30)).

The primary requirement for an economic separation process is an
adsorbent with sufficiently high selectivity, capacity, and life. The selectivity
may depend on a difference in either adsorption kinetics or adsorption equili-
brium. Most of the adsorption processes in current use depend on equilibrium
selectivity. In considering such processes it is convenient to define an ideal
adsorption separation factor:

Xa/XB
ya/ys

)

dA/B =

Table 5. Optimal parameters determined for the temperature independent Toth and
Sips equations for a reference temperature 7, = 40°C

Temperature Temperature
Adsorbates Parameters Units dependent Toth  independent Sips

CO, X Dimensionless 0 0

Gmo mmol - g~ 4.649 3.614

By atm™"' 1.660 0.603

Q/RT, Dimensionless 10.87 6.439

no Dimensionless 0.494 1.324

a Dimensionless 0.869 0.708
CH, X Dimensionless 0 0

Gmo mmol - g~ 2.533 3.108

By atm™' 0.262 0.187

Q/RT, Dimensionless 4.809 3.068

no Dimensionless 1.067 1.093

«a Dimensionless 1.065 0.954
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where x4, Xp, V4, and yp are, respectively, the mole fractions of components A
and B in adsorbed and fluid phases at equilibrium. If the isotherms are linear
or the pressure is small enough for the isotherms to be in the linear range,
ideally, the separation factor is given simply by the ratio of the amounts
adsorbed for the pure components:

Qi A/B = da (6)
qgB

where g, and gp are the amounts adsorbed of components A and B. These
equilibrium separation factors are shown as a function of pressure and temp-
erature in Fig. 3. According to the results, both pressure and temperature are
very important for the separation. In general, separation factors increase with
decreasing pressure and/or temperature. It is difficult to separate the system at
high temperature and/or high pressure. For landfill gas, generally, the
separation is easier than other applications as the temperature is between 40
and 50°C.

0.0001 atm

0.001 atm

0.01 atm

Oli.cozcH4
[+
|

0.1 atm

0.4 atm

1.0 atm /\
24 f\
_ T

7.0atm

0 200 40 §0 80 100 120 140 160
T(©)

Figure 3. Ideal separation factors for CO,/CH, on silicalite.
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Binary Isotherms

After regenerating the silicalite adsorbent, K, values were determined by
increasing the CO, mole fraction in CO,-CH, carrier gas from 0% up to
100%. The samples were injected after attaining equilibrium for each concen-
tration change of the carrier gas by noting that the baseline of the response
would be steady. The K, values, as well as their corresponding curve fits for
HT-CPM, MTT-CPM and MVV-CPM, as a function of the gas composition
are given in Fig. 4. It should be noted that the increment of ycqo; is not used
in the calculations since the equations of isotherm slope functions in Table 1
are substituted into Eq. (3) to do the calculations. When ycq, is very small at
the beginning, K, decreases extremely fast, so the taken increment of ycep is
very small for obtaining more accurate results in this range. As can be seen
from this figure, the best fit was obtained with the HT-CPM. As was proven

8
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Figure 4. (a) Regressions for CO,/CH, binary K, with silicalite by HT-CPM at
different carrier gas compositions at 1 atm total pressure; (b) regressions for CO,/
CH, binary K, with silicalite by MTT-CPM at different carrier gas compositions at
1 atm total pressure; (c) regressions for CO,/CH, binary K, with silicalite by MVV-
CPM at different carrier gas compositions at 1 atm total pressure.
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before, this method is a more versatile method, which would accommodate
more non-ideal systems, where the adsorption capacities of the two adsorbates
are very different from each other (5).

To quantify the non-linear regressions for these three concentration pulse
methods, the RMS (root mean square) deviations ([2(K, ja — Kp,cum))z/
n]O‘S) were used and shown in Table 6. It was observed that the best fit was
given by the HT-CPM. Therefore, the HT-CPM was used to describe these
systems for our further study of this binary system.

The experimental binary isotherms for CO,-CH, with silicalite were
obtained at three temperatures and are given in Fig. 5 in comparison with
the predicted ones. When yco, increases, the CO, adsorption capacity,
dcoa, increases and the CH, adsorption capacity, (cps, decreases as
expected. The total adsorbed capacity, g, has a minimum when yco, is
smaller than 0.2, due to a sharp decrease in CH, adsorption capacity
because of the competitive adsorption by CO,. The gas composition of CO,
at which this minimum occurs, increases with temperature. For landfill gas,
whose ycoo is around 0.45, the CO, adsorption capacity is much higher
than that of CHy; therefore, this trend in adsorption capacities for these
gases is very promising for silicalite as an adsorbent for applications in CO,
removal from landfill gas.

To predict the adsorption behavior of the binary system from pure gas
systems, six models were tried: extended Langmuir, extended Dualsite
Langmuir, extended Sips, ideal adsorbed solution theory, Flory-Huggins
VST (Vacancy Solution Theory), and the Statistical Model. For estimating
and comparing the quality of the six binary model predictions, the RMS devi-
ations from the binary experimental data ([2(qaq — qcum))2 / n]>%) were used
and are listed in Table 7. When predicted and experimental isotherms are
compared, it was observed that all the six prediction models are similar and
there is a rather big difference between the predicted and the experimental
isotherms. In Fig. 5, experimental binary isotherms are compared with their
counterparts predicted by the Flory-Huggins VST isotherms. Since all the
models used for the prediction of the binary system gave very similar
results, only the Flory-Huggins VST data are shown in Fig. 5. As can be

Table 6. RMS deviations ([2(Kpdaa — Kpcurve) /n1’7) in
mmole - g~ ' -atm™' of concentration pulse chromatographic
methods for CO,-CH,4 binary system on silicalite

CPM 40°C 70°C 100°C
HT 0.009 0.019 0.020
MTT 0.027 0.063 0.038

MVV 1.061 0.536 0.152
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Figure 5. (a) CO,/CH, binary isotherms with silicalite at 40°C and at 1 atm. total

pressure experimental by HT-CPM and predicted by Flory-Huggins VST; (b) CO,/
CH, binary Isotherms with silicalite at 70°C and at latm. total pressure experimental
by HT-CPM and predicted by Flory-Huggins VST; (c) CO,/CH, binary isotherms
with silicalite at 100°C and at 1 atm total pressure experimental by HT-CPM and
predicted by Flory-Huggins VST.



09: 23 25 January 2011

Downl oaded At:

3146 P. Li and F. H. Tezel

Table 7. RMS deviations ([2(Guaa — qmrvg)z/n]o's) in mmole - g*l of predicted
isotherms from the experimental ones for CO,-CH, binary system on silicalite

Models Capacity 40°C 70°C 100°C
Extended qcoz 0.096 0.099 0.062
Langmuir qcua 0.158 0.147 0.107
Grotal 0.205 0.210 0.148

Extended Dualsite qco2 0.150 0.135 0.082
Langmuir qcua 0.060 0.062 0.108
Grotal 0.093 0.167 0.178

Extended Sips qco2 0.098 0.113 0.090
qch4 0.163 0.150 0.113

Grotal 0.242 0.243 0.193

Ideal adsorbed qcoz 0.099 0.098 0.060
solution theory qcua 0.155 0.148 0.109
Grotal 0.205 0.210 0.149

Flory-Huggins qco2 0.097 0.115 0.078
VST qcua 0.146 0.141 0.105
Grotal 0.203 0.231 0.166

Statistical method qcoz 0.098 0.097 0.059
qcu4 0.149 0.145 0.108

Grotal 0.193 0.204 0.146

seen from these comparisons, the predicted isotherms over predict the real
ones at all temperatures studied.

The phase diagrams at different temperatures were determined from the
experimental binary isotherms and are shown in Fig. 6, together with compari-
son with the predictions from the Flory-Huggins VST isotherms. Within the
temperature range studied, 70°C data gave the best separation, since it was
the furthest from the 45° line. Realistic experimental data gave better separ-
ation than the Flory-Huggins VST predicted under comparable conditions.
Additionally, all other five models looked very similar to the Flory-Huggins
VST data shown in Fig. 6 and have considerable differences with the real
binary system behavior obtained. This lack of success for model predictions
was also observed for CO,-CH, with ZSM-5-280 by Harlick and Tezel (8).
Therefore, they can only be used for rough estimation for the binary
behavior when there are no binary experimental data available.

Compared with the literature, at 40°C the x—y diagram obtained in this
study is similar to the ones given by Harlick and Tezel in 2001 (6) for
ZSM-5 under the same conditions, since silicalite and ZSM-5 have the
same structure.

According to Equation (6), the equilibrium separation factors at three
temperatures can be calculated for different values of yco, and are shown
in Fig. 7. The actual equilibrium separation factors are higher than 5, so the
binary system can be separated on silicalite. These separation factors
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Figure 6. x—y diagram for CO,/CH, binary system with silicalite at 1 atm total
pressure experimental by HT-CPM and predicted by Flory-Huggins VST. Harlick
and Tezel’s data (6) for ZSM-5-30 and ZSM-5-280 gave very similar results to 40°C
in this study.

calculated from actual binary behavior are much better than the ones predicted
from the pure isotherms. When the compositions are near pure systems (0 or
1), predicted separation factors are near actual ones. At that time, we can use
predicted separation factors to do rough estimations if we do not have exper-
imental binary data. The actual selectivity is good and temperature influence
the separation factor apparently when ycq; is below 0.6. The actual selectivity
decreases with increasing ycop, when CO, concentration in the landfill gas is
over 30%. Therefore, the actual selectivity is better for low CO, concentration
landfill gas in the real applications. Temperature hardly influences the separ-
ation factor when yco, is over 0.6. For the practical separation of landfill
gases, the system can be separated as the equilibrium separation factors are
over 6 when yco; is around 0.45 for a typical landfill gas.

According to Equation (4), the integral thermodynamic consistency test
between pure and binary equilibrium adsorption data is shown in Table 8.
For the binary systems, the integrands of the right side as functions of y;
(ycoz2) can be plotted and the areas under these curves between y;
(ycoz) = 0 and y; (ycoz) = 1 are listed. For pure systems, the integrands of
the left side as functions of P can be plotted and the areas under these
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Figure 7. Equilibrium separation factor curves for CO,/CH,4 binary systems:
experimental from binary isotherms and predicted from pure isotherms.

curves between P = 0 and P = 1 atm are listed. It should be pointed out that
the ranges of pressure of the pure systems are the same as the ranges of the
partial pressures of the two components as the total pressure of binary
system is 1 atm

Table 8. The integral thermodynamic consistency test between pure and binary carbon
dioxide (1) — methane (2) equilibrium adsorption data on silicalite using Eq. (4)

Temperature °C 40 70 100
. mmol-g~ !  1.6183  1.0916 0.6168
A @ =y1) —qn
RHS: | —————dy,
o =y
g mmol - g~ ' 23084  1.5809 1.0193
1st term in LHS:J ILap
o P
) mmol -g~'  0.6456  0.4036 03138
2nd term in LHS:J 24P
o P
1.0 1,0 mmol - g~ ! 1.6628  1.1771  0.7055
LHS:J ﬂdP—J % 4p £
o P oP
LHS — RHS
’7’ % 275 7.83 14.37

RHS
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In Table 8, it can be seen that the integral thermodynamic consistency test
is obeyed fairly well by the binary CO,-CH, adsorption data on silicalite at
40°C, worse at 70°C, and worst at 100°C. Therefore, the binary CO,-CHy
adsorption data on silicalite at low temperature satisfy the integral thermodyn-
amic consistency test fairly well. The thermodynamic consistency becomes
worse as temperature increases. In addition, the results of the integral thermo-
dynamic consistency test match the results in Fig. 5. At low temperature, the
thermodynamic consistency is good while the difference between predictions
and experimental data is small in Fig. 5; at higher temperature, the thermodyn-
amic consistency is less satisfied while the difference is big.

CONCLUSIONS

According to the pure gas isotherm data on silicalite, carbon dioxide is
adsorbed more than methane. The pure gas adsorption capacity decreases
with increasing temperature in the systems of carbon dioxide and methane
on silicalite as expected from a physical adsorption system. Among the
three concentration pulse chromatographic methods, the HT-CPM is the
best one, the MTT-CPM is very well, and the MVV-CPM is not satisfactory
for the binary behavior of CO,/CH, on silicalite. The adsorption capacities
for CH4 and CO, are very promising for silicalite as an adsorbent in appli-
cations in CO, removal from landfill gases. gcoz, gcna and G increase
with decreasing temperature, so temperature is a very important factor for
the separation of this system, particularly when yco, is very low. For predict-
ing the binary system of CO,/CH, with silicalite adsorbent, Flory-Huggins
VST, extended Langmuir, extended Dualsite Langmuir, extended Sips, ideal
adsorbed solution theory, and the statistical model cannot be used
confidently. These models should only be used at low temperatures or for
rough estimation when the experimental binary data are not available. The
selectivity is very good for the CO,/CH, binary system on silicalite.
The CO,-CH, binary adsorption data on silicalite at low temperature satisfy
the integral thermodynamic consistency test fairly well. The thermodynamic
consistency becomes better as the temperature decreases.

NOMENCLATURE

A parameter, dimensionless

B adsorption affinity constant, usually atm ™' (units depending
on models); parameter, dimensionless

By adsorption affinity constant at some reference temperature,
atm™

B, adsorption affinity constant in Site 1, atm '

B, adsorption affinity constant in Site 2, atm '
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qm
qmo
qm1

qm2

Ty

XA

XB

P. Li and F. H. Tezel

parameter, dimensionless

dimensionless Henry’s law constant, dimensionless
dimensional Henry’s law constant, mmole - g~ ' - atm ™~
Freundlich adsorption coefficient, mmol - g~ " - atm ™ /"
adsorption exponents or number of actives sites,
dimensionless

adsorption exponents at some reference temperature,
dimensionless

(total) pressure, atm

pressure of Component 1, atm

pressure of Component 2, atm

pressure of Component A, atm

pressure of Component B, atm

isosteric heat, J - mol !
amount adsorbed, mmol - g~
amount adsorbed of Component A, mmol - g~
amount adsorbed of Component B, mmol - g~
amount adsorbed of Component 1, mmol - g~

amount adsorbed of Component 2, mmol - g~

amount adsorbed of Component 1 in pure system,

mmol - g~

amount adsorbed of Component 2 in pure system,

mmol - g~ !

adsorption saturation capacity or maximum amount
adsorbed, mmol - gfl

adsorption saturation capacity or maximum amount
adsorbed at some referencetemperature, mmol - g~ '
adsorption saturation capacity or maximum amount
adsorbed in Site 1, mmol - g{l

adsorption saturation capacity or maximum amount
adsorbed in Site 2, mmol - g_1

gas constant, 8.314 J . K ' mol™!

temperature, K

reference temperature, K

mole fraction in adsorbed phase at equilibrium,
dimensionless

mole fraction of Component A in adsorbed phase at
equilibrium, dimensionless

mole fraction of Component B in adsorbed phase at
equilibrium, dimensionless

mole fraction of Component i in adsorbed phase at
equilibrium, dimensionless

mole fraction in fluid phase at equilibrium, dimensionless

1

1
1
1
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ya

VB

V1

Greek Letters

o

Qa/B

Qi A/B

X B> DD ™R

Abbreviations

CPM

DSL

GHG

GSE

GWP
HT-CPM
LFG

MS
MTT-CPM
MVV-CPM

PSA
RMS
SSR
TCD
TSA
VST

mole fraction of Component A in fluid phase at equilibrium,
dimensionless
mole fraction of Component B in fluid phase at equilibrium,
dimensionless
mole fraction of Component 1 in fluid phase at equilibrium,
dimensionless
mole fraction of Component i in fluid phase at equilibrium,
dimensionless

adsorption constant, adsorption separation factor,
dimensionless

adsorption separation factor (the ratio of Component A over
Component B), dimensionless

ideal adsorption separation factor (the ratio of Component A
over Component B), dimensionless

parameter, dimensionless

parameter, dimensionless

activity coefficient of Component i, dimensionless

fraction of monolayer coverage, dimensionless

parameter, dimensionless

fugacity coefficient of Component i, dimensionless
constant parameter, dimensionless

Concentration pulse method

Dualsite-Langmuir

Greenhouse gases

Gibbsian surface excess

Greenhouse warming potential

Harlick and Tezel-Concentration pulse method
Landfill gas

Microsoft

Modified Triebe and Tezel-concentration pulse method
Modified Van der Vlist and Van der Meijden-concentration
pulse method

Pressure swing adsorption

Root mean square

Sum of the square residuals

Thermal conductivity detector

Temperature swing adsorption

Vacancy solution theory
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