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Pure and Binary Adsorption Equilibria of Carbon Dioxide and Nitrogen on

Silicalite
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For different separation applications of CO, and N,, pure and mixture adsorption isotherms of these gases
on silicalite adsorbent were determined experimentally. Constant volume and concentration pulse
chromatographic techniques were used for the determination of pure and binary adsorption behavior,
respectively. Pure component isotherms were determined up to 5 bar pressure for the temperature range (40
to 100) °C. Binary adsorption behavior for CO, and N, mixtures, covering the whole concentration range,
were determined experimentally for a total pressure of 1 bar for the same temperature range. The applicability
of different pure adsorption isotherm models was discussed for the pure isotherms, and ideal separation
factors were determined. For the mixture adsorption isotherms, three binary concentration pulse methods,
HT—CPM (Harlick and Tezel—Concentration Pulse Method), MTT—CPM (Modified Triebe and
Tezel—Concentration Pulse Method), and MVV —CPM (Modified Van der Vlistand Van der Meijden—Concentration
Pulse Method) were considered, and HT—CPM was found to be the most applicable one for this particular
system. The experimental binary isotherms were compared to the predicted ones by using different binary
adsorption models for this system. The results obtained showed that silicalite is a promising adsorbent for

the separation of CO, and N,.

Introduction

The global environment is a major issue today, and global
warming in particular is the focus of much attention. Accumula-
tion of greenhouse gases (GHG) in the atmosphere is responsible
for increased global warming of our planet. It is supposed that
the increasing concentration of carbon dioxide mainly from flue
gas and automobile emissions into the atmosphere is the major
contributor to this problem.'? A variety of techniques have been
studied for CO,—N, adsorption separation in the literature.***

Silicalite is widely used as a selective adsorbent. Its inter-
mediate (ten-ring) pore size leads to molecular sieve size
selectivity. It has high thermal and hydrothermal stability. Its
Si/Al ratio is in the thousands, so it has hydrophobic and
organophilic adsorptive properties.**

The volumetric method involves measuring the pressure
change in a known volume of gas subjected to an adsorbent
sample. As the gas is adsorbed and allowed to come to
equilibrium, the measured decrease in the closed system pressure
yields the amount of gas adsorbed under the given conditions.
This static method has been used extensively to determine
adsorption isotherms.>*?>

One dynamic method of analysis for adsorption systems is
the use of the concentration pulse chromatographic technique.
In the literature, methods using the K,-functions for determining
binary adsorption isotherms from concentration pulse chro-
matographic data have been given and shown capable of
interpreting highly selective binary systems.”?*>'

In this current work, adsorption separation of carbon dioxide
and nitrogen on silicalite was studied. Pure and binary adsorption
isotherms were obtained by the constant volume and the
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concentration pulse chromatographic techniques, respectively.
The thermodynamic consistency tests between pure and binary
gas adsorption systems were also discussed.

Methods

There are many approaches for fitting adsorption isotherms
for pure gas systems. Among two-parameter models, the
simplest and still the most useful pure gas isotherm is the
Langmuir isotherm.**** The Freundlich isotherm is another two-
parameter model that is commonly used.**

Three-parameter adsorption isotherm models are more flex-
ible. For example, the Sips (Langmuir—Freundlich) isotherm™
is superior for data correlation covering wide ranges of pressures
and temperatures when both Langmuir and Freundlich isotherms
fail.>> Other three-parameter isotherms that are popular, and
satisfy both low and high ends of the pressure range, are the
Toth and multisite Langmuir isotherms.>* Employing the
Flory—Huggins form of activity coefficient for adsorption,
vacancy solution theory is another three-parameter isotherm
which was first developed in 1980.%*2%" The dual-site—Langmuir
(DSL) model, a four-parameter isotherm, distinguishes two
categories of different active sorption sites in the adsorbent, each
one following a Langmuir adsorption behavior.*®

The temperature dependence of equilibrium parameters is
required for the purpose of extrapolation or interpolation of
equilibrium data to other temperatures as well as the calculation
of the isosteric heat of adsorption. The temperature dependence
of the Sips and Toth equations for the affinity constants B may
take the following form

2%
B=Byerr,\ 1 (1

where B, is the adsorption affinity constant at some reference
temperature T; Q is the isosteric heat, invariant with the surface
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Table 1. Concentration Pulse Chromatographic Methods Used in This Study

MVV—CPM (Modified Van der Vlist and Van der Meijden—Concentration Pulse Method)?®

four-parameter function
isotherm slope functions
binary isotherm functions

K,=A,+ Ay + Ayt + Ayi
dn®, | dP, = B, + By, + B,y
n'y = (B(Jyl + Bly%/2 + BLV?/3)P n'y = [Co(l -yt G- yf)/Z + G0 — J’?)/3]P

dn®, | dPy, = Cy + Cpy, + Cyi

MTT—CPM (Modified Triebe and Tezel—Concentration Pulse Method)**3!

five-parameter function
isotherm slope functions
binary isotherm functions

K,=A (B+y)+A,+ A /B +y) + A4l B+y)
dn® | dP, =By, + B,/ (B+y) + B,/ (B+y)* dny]dP,=Cy+ C,/B+y)+ Cl(B+y)
ny = [Byy, + ByIn[(B + y)) / B] + By, / (BB + y))]P

ny = [Cyl —y) — CIn[B+y)/ B+ D]+ C(1 —y) /1B + DB+ y)]P
HT—CPM (Harlick and Tezel—Concentration Pulse Method)®*'

five-parameter function
isotherm slope functions
binary isotherm functions nt, =

loading; and R is the gas constant. The saturation capacity of
the Sips and Toth equations can either be taken as constant or
it can take the following temperature dependence

nm“=n‘;10ex(“%) @)

where nj,, is the saturation capacity (maximum amount ad-
sorbed) at the reference temperature 7, and y is a constant
parameter. The exponent n of the Sips equation may take the
following form

T,
l=i+m(1——°) @)
n o n T
and the form of the exponent n of the Toth equation can be
T
n=n,+ofl— T 4)

where n, is the parameter n at the reference temperature 7, and
a is a constant.*?

Models for mixed-gas adsorption should be capable of
predicting the equilibrium amount adsorbed from pure gas
isotherms. The simplest theory for the binary system is the
extended Langmuir model.*

n'y B,P,

0 -_—-———"
A ope o 1+BP,FByPy

)

where subscripts A and B refer to adsorbates A and B,
respectively.

The dual-site extended Langmuir adsorption isotherm was
derived from the extended Langmuir model.** The Sips equation
for the pure component adsorption isotherm may be extended
to binary systems, as well.*'*?

Some thermodynamic equations associated with the ideal
solution derive the ideal adsorbed solution theory, which can
be used to get the isotherm of a binary system assuming the
mixture behaves as an ideal solution.?

In the concentration pulse chromatographic technique, di-
mensionless Henry’s Law constant, K, can be calculated from
the corrected first moment of the response peak as follows, '+153143

‘L‘_

Mzé[l NG

ﬂ)w cdt v €

where t is the time; ¢ 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 u, is the dead

K, = A, + Ay, + Ayt + A, Inly, + Al
dn,[dP, = B, + 2By, + By/ly, + Al dn®,/dP, = C, + 2C,y, + C;/ly, + Al
By, + Byt + By In|y, + /AP 1% = [C,(1 — y) + C(1 — yD) — G In|(y, + /(1 + D|IP

time. The dimensionless Henry’s law constants, K, can be
converted to a dimensional form, Kp.15

The K, value is related to the slopes of the isotherms of the
components in the carrier gas mixture. For a binary mixture,
the relationship is given as follows*’

K= (1 -y 4 7
= yl)d_Pl Map, (N

where dn“,/dP, and dn“,/dP, are the slopes of the adsorption
isotherms for components 1 and 2, respectively.

For binary isotherms, both components in the mixed carrier
gas are adsorbed, and dn“,/dP, in the last term of eq 7 is not
constant. The experimental K, data represent the combined
contribution of both components to the isotherms. The inter-
pretation of the binary K, data has been treated by several
methods”2*!** shown in Table 1.

The following objective function is defined to minimize the
sum of the square residuals (SSR) with respect to the experi-
mental values for the determination of B and C parameters (see
Table 1) to obtain the binary isotherms

=l

SSR = Z (Kp,experiment - Kvp,e:quation)2 (8)

=0

The minimization of the sum of the square residuals (SSR)
could not be performed with only the experimental data points,
since a number of possible solutions could exist for B and C
coefficients. Four constraints are imposed on the system, to
ensure that the solution reflects what is physically occurring.
Two of these constraints are the two end points of the
concentration range, which should coincide with the pure
isotherms. The other two constraints come from the fact that
the binary isotherm slopes should always be positive across the
entire range of y,; i.e., no maximum should be seen in the
isotherms.*®

By using these constraints to bind the objective function (eq
8), a constrained nonlinear regression could be performed to
determine the B and C parameters. The K curve is defined from
the RHS of eq 7, and the binary isotherms are calculated by
binary isotherm functions in Table 1 by using B and C
coefficients.

The thermodynamics of pure and binary gas adsorption
systems has been extensively studied using the Gibbsian surface
excess (GSE) model.***® For binary gas adsorption systems, it
has been used to develop several relationships for checking both
the thermodynamic consistency between pure and binary gas
equilibrium adsorption data and the internal thermodynamic
consistency of the binary adsorption data itself. These relation-
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Table 2. Details of the Adsorbent Used in This Study

type silicalite
commercial name MOLSIV adsorbents
commercial number HISTV 3000

1/16 in. extrudate as received
crushed to 20 x 60 mesh

particle form received
size used in the column (diameter)

content of binder 20 wt %
particle density 1.131 grem ™
void fraction 0.39

Universal Oil Products,
Des Plaines, IL, USA

supplier

Table 3. Details of Sample Gases Used in This Study

gases Grade Purity Supplier

CO, bone dry 3.0 99.9 % Praxair Inc., Ottawa
N, ultra high purity 5.0 99.999 % Praxair Inc., Ottawa
He ultra high purity 5.0 99.999 % Praxair Inc., Ottawa

ships 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 adsorption
isotherms and binary gas adsorption isotherms shown below.*’

Pn2 1”1(1 ”az)ﬁ
( ) ( S5 ) Jy y1<1—y1> w
9

where n°; and n“°, are the amount adsorbed of components 1
and 2, respectively, in the pure gas systems; P is both the
pressure of pure gas systems and the total pressure of the binary
system; n“; and n“, are the amounts adsorbed of components 1
and 2, respectively, in the binary system; and y, is the mole
fraction of component 1 in the binary gas system. The two terms
on the left-hand side of eq 9 are the potentials of adsorption at
P and T for pure gases 2 and 1, respectively. They can be
estimated as a function of P at constant 7 using the pure gas
adsorption isotherms. 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 components 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 Section

The details of the volumetric system, concentration pulse
chromatography technique, and numerical methods are given
in our earlier paper.’® The details about adsorbent and sample
gases used in the experiments are listed in Tables 2 and 3,
respectively. It should be noted that the values of adsorption
capacities obtained from experiments were corrected with
respect to the binder, assuming that the binder has negligible
adsorption. Experimental and numerical errors are determined
to be less than 5 %.

Results and Discussion

Pure Gas Adsorption. Equilibrium isotherm data for CO, and
N, on silicalite pellets were obtained at three different temper-
atures for pressures up to 5 bar and are given in Figure 1 as
data points. The curves going through the data points are
regressed with Toth isotherm models at the corresponding
temperature. The numbered curves are data from the literature
for comparison with the present study. All the values of

25
CO2-40°C
c02-70°C

2 CO2 - 100 °C

~ 15

>
s
£
E

T 1
N2 -40°C
N2 -70°C

0,
05 N2 - 100 °C

P (bar)

Figure 1. Isotherms for CO, and N, on silicalite: the points are experimental
data, and the curves are Toth isotherms. The numbered curves indicate
comparisons with the literature: 1, CO,, 25 °C;>' 2, CO,, 31 °C;>? 3, CO,,
32 °C;> 4, CO,, 80 °C:>* 5, N,, 23 °C:>% 6, N,, 61 °C;** 7, N,, 72 °C.>?

adsorption capacity obtained from experiments in this work were
corrected with respect to the binder with the composition of
the binder given by the manufacturer, assuming that the binder
does not have any adsorption capacity. When the results are
compared to the literature in Figure 1, it can be seen that
adsorption capacities are in good agreement qualitatively for
CO,, considering different temperatures. They are slightly higher
than those given in the literature for N,, which may be due to
different suppliers.

Adsorption capacity increases with decreasing temperature
for both of the adsorbates since physical adsorption is always
exothermic. CO, is adsorbed more than N, since the interactive
forces between CO, and silicalite are bigger than those for N,.
Higher polarizability and quadrupole moment of carbon dioxide
make it much more interactive than N,. At low pressure, the
slopes of the isotherms for carbon dioxide are very high, and
then the slopes decrease rather fast with increasing pressure as
the adsorbent sample approaches saturation. However, the slopes
of the isotherms of nitrogen hardly decrease as pressure
increases, isotherms being more linear at high temperatures.

By using nonlinear regressions, the parameters of different
models were obtained, and corresponding parameters are shown
in Table 4. For gauging the quality of the nonlinear regressions
obtained from the different models used, the RMS (root-mean-
square) deviations ([Z(1° . — 1wume) /1]™) are used and shown
in Table 4. When two-parameter models, Langmuir and Fre-
undlich, are compared, Langmuir is better than Freundlich.
When three- or four-parameter models were considered, it was
observed that all of them, Toth, Sips, Flory—Huggins vacancy
solution theory (VST), multisite—Langmuir, and dual-
site—Langmuir models are better than the two-parameter models
because of their increased flexibility.

The temperature dependent forms of the Toth and Sips
equations were also used for description of adsorption equilib-
rium data at various temperatures. In eq 2, y can be taken as 0
or a parameter. According to our data, all the values of y
obtained are O as a parameter for the temperature dependent
form of the Toth equation. For the temperature dependent form
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of the Sips equation, some values of  obtained are 0 and some
are not. However, there is little difference between them for
modeling the isotherms. For one less parameter, we took x as
0. In other words, the saturation capacities of the temperature
dependent isotherm equations (both Sips and Toth) were
constant, that is n¢, = n“,, Using the data at the three
temperatures simultaneously in the fitting of both temperature
dependent isotherms (Sips and Toth equations), optimal param-
eters shown in Table 5 were obtained. The parameters and RMS
deviations at the three temperatures are listed in Table 4. From
the parameters given in Table 5 for temperature dependent Toth
and Sips isotherms, the experimental data are extended to other
temperature and pressures.

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 equilibrium. 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

_ Xp/xg

B AJVAL

O (10)

where x,, X5, Y5, and yg are, respectively, the mole fractions
of components A and B in adsorbed and fluid phases at
equilibrium. If the isotherms are linear or pressure is small
enough for the isotherms to keep in the linear range, ideally,
the separation factor is given simply by the ratio of the amounts
adsorbed in pure components

(1)

where n“, and n“y are the amounts adsorbed of components A
and B. These equilibrium separation factors that are calculated
directly from pure component data are shown as a function of
pressure and temperature in Figure 2. The temperature dependent
Toth model was used for the extension of the data to other
temperatures and pressures for this figure. As can be seen from
these results, both pressure and temperature are very important

Table 4. Parameters and RMS Deviations of Adsorption Models by Nonlinear Regressions

CO, N,
models equations parameters 40°C 70°C 100°C 40°C 70°C 100°C
Langmuir (2 param.) nt = n”mBP/(l + BP) B (bar 1) 1.089 0.649 0332  0.111 0.045 0.013
n“,, (mmol-g~") 2.858 2.834 2911 2.094 3.765 9.993
RMS (mmol-g ") 0.050 0.040 0.038 0.004 0.002 0.002
Freundlich (2 param.) n® = kP k (mmol-g~'+bar™ ") 1.340 1.035 0.713 0212 0.166 0.129
n (dimensionless) 2.295 1.938 1.616 1.247 1.112  1.037
RMS (mmol-g ") 0.106 0.067 0.022 0.011  0.005 0.002
Sips (Langmuir— Freundlich) n' = n“m(BP)””/[l + (BP)'M B (bar™!) 0.675 0337 0.065 0.118 0.046 0.0006
(3 param.)
n“, (mmol-g ') 3431 3.697 6.240 2.014 3.722 1762
n (dimensionless) 1.256  1.249 1.349 0989 0999 1.035
RMS (mmol-g ') 0.021 0.012 0.009 0.004 0.002 0.002
Toth (3 param.) n’=n" BP/[1 + B8P " B (bar™ ") 1.397 0.678 0.100 0.109  0.041 0.002
n®,, (mmol-g™") 3903 4.885 38.98 2.125 4207 84.58
n (dimensionless) 0.604 0.537 0260 0.990 0.951 0.598
RMS (mmol-g ") 0.028 0.013 0.011 0.003 0.002 0.002
Flory—Huggins VST (3 param.) B (mmol-g~'+bar ") 3.874 2.608 1.280 0242  0.172 0.129
a2
a a
pP= 113 L —|exp il
1-= 1+a2 2
n m n m
n“,, (mmol-g~') 3.082 3498 5969 3453 3229 10.31
a,, (dimensionless) 1.020 1.525 2123 1.161 3.085 4x1077
RMS (mmol-g ') 0.032 0.014 0.019 0.004 0.002 0.002
multisite—Langmuir (3 param.)  pp — n/n, /(1 _ n“/n“m)” B (bar™ ") 1.002 0.341 0.014 0.013 0.006 0.004
n“, (mmol-g~") 3.322  6.567 78.01 18.03 3091 34.74
n (dimensionless) 1412 3.881 4390 1097 9.177 3.489
RMS (mmol-g™") 0.049 0.019 0.027 0.003 0.002 0.002
dual-site—Langmuir (4 param.) B, (bar ") 0.782 0.393 0.190  0.009 0.045 0.013
a_ namlB]P nam'lBZP
"TI¥BP  1+BP
n®,, (mmol-g ) 2.822 2904 3492 3570 3.765 9.849
B, (bar ) 36.44  7.003 11.00 0.140 0919 0.004
n® , (mmol-g ) 0.217 0305 0.173 1442 0 0.0254
RMS (mmol-g ") 0.012 0.019 0.027 0.004 0.002 0.002
temperature dependent Sips n’ = n"m(BP)] /n /11 + (BP)] 4 " B (bar") 0.594 0.343 0.212 0.075 0.070 0.065
n®,, (mmol-g~") 3.614 3.614 3.614 2694 2.694 2.694
n (dimensionless) 1.321 1.223 1.149  1.046 0.968 0.907
RMS (mmol-g ") 0.026 0.026 0.026 0.006 0.006 0.006
temperature dependent Toth n*=n" BP/[1 + (BP)"]' " B (bar™ ") 1.617 0.640 0.285 0.122  0.092 0.172
n®,, (mmol-g™') 4.649 4649 4.649 1.801 1.801 1.801
n (dimensionless) 0496 0.570 0.635 1.155 1.497 1.804
RMS (mmol-g ") 0.031 0.015 0.024 0.005 0.004 0.004
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Table 5. Optimal Parameters for the Temperature Dependent Toth
and Sips Equations for a Reference Temperature T,, = 40 °C

temperature temperature
adsorbate parameters units dependent Toth dependent Sips

CO, x dimensionless 0 0

0 mmol-g~! 4.649 3.614

o bar™! 1.660 0.603

OIRT, dimensionless 10.87 6.439

ny dimensionless 0.494 1.324

o3 dimensionless 0.869 0.708
N, x dimensionless 0 0

0 mmol-g~! 1.801 2.694

o bar™! 0.123 0.075

OIRT, dimensionless 3.278 0.881

ny dimensionless 1.152 1.047

a dimensionless 4.000 0.903

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.

The PSA process can be carried out at room temperature and
in the range of pressures between vacuum and 1 bar. If it is
done at a temperature higher than 100 °C and in the range of
pressure higher than 1 bar, the expected results become worse
as the ideal separation factor is dropped down to 6 in Figure 2.
For a TSA process, it can be done under a vacuum as low a
pressure as possible and at temperatures as low as possible. Since
flue gas temperatures are generally rather high, temperature
conditions should be considered.

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 concentration
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
Figure 3. Figure 3b gives the same data as Figure 3a in the low
K, data range to be able to see the curve fits much better. As
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Figure 2. Ideal separation factors for CO,/N,, on silicalite.
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Figure 3. (a) Regressions for CO,/N,, binary K, with silicalite by
HT—CPM at different carrier gas compositions at 1 bar total pressure.
(b) Regressions for CO,/N,, binary K,,, with silicalite by HT—CPM at
different carrier gas compositions at 1 bar total pressure showing low
K, values ranging between (0 and 2) mmol-g~'+bar~'. (c) Regressions
for CO,/N,, binary K,,, with silicalite by MTT—CPM at different carrier
gas compositions at 1 bar total pressure. (d) Regressions for CO,/N,,
binary K,, with silicalite by MVV—CPM at different carrier gas
compositions at 1 bar total pressure.
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Table 6. RMS Deviations ([Z(K, guta — K, curve) /1™ in
mmol-g '-bar ! of Concentration Pulse Chromatographic Methods

for the CO,—N, Binary System on Silicalite

CPM 40 °C 70 °C 100 °C
HT 0.060 0.080 0.059
MTT 0.070 0.111 0.078
MVV 3.303 0.939 0.197

can be seen from this figure, the best fit was obtained with the
HT—CPM. As was proven before,>'>* this method is a more
versatile method, which would accommodate more nonideal
systems, where the adsorption capacities of the two adsorbates
are very different from each other.

To quantify and compare the nonlinear regressions for these
three concentration pulse methods, the RMS (root-mean-square)
deviations ([Z(n gu — 1eurve)/n]">) were used and shown in
Table 6. It was observed that the best fit was actually given by
the HT—CPM method. Therefore, the HT—CPM, shown with
error bars in Figures 3a and 3b, was used to describe these
systems for our further study of this binary system.

The binary isotherms for CO,—N, with silicalite at 1 bar total
pressure were obtained at three temperatures and are given in
Figure 4 for (40, 70, and 100) °C for different compositions of
the gas mixture. When yc, increases, the CO, adsorption
capacity, n“cqo,, increases and the N, adsorption capacity, n“y,,
decreases. The total adsorbed capacity, n“,,,;, increases as an
increase of n“y, is more than the decrease of ny,. At the
beginning, n“y, decreases very fast while n“., increases
rapidly. When ycq, is higher than 0.2, n“y, is close to zero and
approaches zero. For flue gas applications, ycq, is around 0.15,
and the CO, adsorption capacity is much higher than that of
N,; therefore, this trend in adsorption capacities for N, and CO,
is very promising for silicalite as an adsorbent for applications
in CO, removal from air. n“qg,, n“y,. and n“, increase with
decreasing temperatures since adsorption is exothermic, so
temperature is a very important factor. For practical applications,
the separation process can be controlled at low temperature to
attain good adsorption capacity.

To predict the binary adsorption behavior from pure gas
systems, the following six models were used and compared to
the experimental binary adsorption behavior: extended Lang-
muir, extended dual-site Langmuir, ideal adsorbed solution
theory, statistical model, extended sips, and Flory—Huggins of
vacancy solution theory. For estimating and comparing the
quality of the six binary model predictions, the RMS deviations
from the binary experimental data ([Z(n°g,, — 7“curve)/1]")
were used and are listed in Table 7. 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.
Therefore, none of the six models can describe the real binary
system accurately and they can be used only for rough
estimation for the binary system when there are no binary data
available. In Figure 4, experimental binary isotherms are
compared with their counterparts predicted by the statistical
model isotherms. Since all predictions were similar to each other,
only the statistical model was shown in this figure as an
example. As can be seen from these comparisons, the predicted
isotherms mostly over predict the real ones at all temperatures
studied.

The x—y phase diagrams at different temperatures studied
are shown in Figure 5, together with comparison with the
predictions from the extended Langmuir isotherms, using the
pure component isotherms. Within the temperature range
studied, lower temperature data gave better separation, since
the curve was the furthest from the 45° line. Realistic experi-
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Figure 4. Experimental binary isotherms from HT—CPM, compared with
predicted binary isotherms from the statistical model for CO,/N, with
silicalite at 1 bar total pressure. (a) 40 °C. (b) 70 °C. (c¢) 100 °C.

mental data gave better separation than the ideal extended
Langmuir predicted.

In Figure 5, the experimental x—y diagram given at 40 °C
by Harlick and Tezel® in the literature for ZSM-5-30 under the
same conditions is compared with the ones obtained in this
study. Silicalite and ZSM-5 have the same structure. ZSM-5-



Journal of Chemical & Engineering Data, Vol. 53, No. 11, 2008 2485

Table 7. RMS Deviations ([E(° g, — 1 curve)/7]1™°) in mmol-g !
of Predicted Isotherms from the Experimental Ones for the
CO,—N, Binary System on Silicalite

models capacity 40°C 70 °C 100 °C

n“con 0.081  0.103 0.068
n“no 0.086  0.071 0.054
1 otal 0.122  0.150 0.108

extended Langmuir

extended dual-site Langmuir n“con 0.094  0.101 0.096
nna 0.016  0.075 0.055
N otal 0.101  0.159  0.147
extended Sips n’con 0.042  0.057  0.140

n'Nno 0.091  0.075  0.042
1 ol 0.115 0.109  0.131
ideal adsorbed solution theory n“con 0.084  0.102 0.066
nna 0.083  0.072  0.056
N oal 0.122  0.150  0.108
Flory—Huggins VST nco. 0081 0359  0.091
N 0.077  0.206  0.064
1 ol 0.127  0.563  0.147

statistical method n“con 0.084  0.102 0.066
nna 0.081 0.071  0.055
N 0119 0.147  0.107

30 adsorbent had a different Si/Al ratio indicated by the last
number in the code of the adsorbent, 30, as opposed to the
silicalite for which this ratio is in the thousands. Since the only
difference between the adsorbent studied in this work and
Harlick and Tezel’s adsorbent was the Si/Al ratio, it is concluded
that this ratio influences the binary behavior of the CO,—CH,
gas mixture slightly, and the separation is better when this ratio
is smaller.

The equilibrium separation factors are calculated from the
binary isotherms obtained, using eq 10, and plotted against y-q,
in Figure 6 at three different temperatures for the CO,/N, and
silicalite system. The selectivity is good, and temperature has a
big influence on the separation factor. The selectivity increases
with increasing ycq, and decreasing temperature when CO,
concentration in the mixture is in the range between 10 % and
20 % for flue gas applications. These experimental equilibrium
separation factors are compared to the ones predicted by using
pure component isotherms in Figure 6. As can be observed from
this figure, the experimental separation factors are higher, and
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Figure 5. x—y diagrams for CO,/N, binary systems with silicalite at 1 bar
total pressure and comparison with the literature values for ZSM-5-30.°

140

120

100

80

Qcoz

60
40

20
-

40 °C Experimental 40 °C Predicted
=— = =70 °CExperimental —-—-- 70 °C Predicted
= = = =100 °C Experimental ------- 100 °C Predicted

Figure 6. Equilibrium separation factor curves for the CO,/N, and silicalite
system at different temperatures studied: experimental from binary adsorp-
tion isotherms and predicted from pure gas isotherms.

they show a maximum at all temperatures studied. The predicted
ones decline steadily as CO, composition in the gas phase
increases. This difference in binary behavior comes from
competitive adsorption in the real binary system, which can not
be predicted from the ideal mixture behavior. Therefore,
predicted separation factors can only be used to do rough
estimations in the absence of binary experimental data.

According to eq 9, 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; (yco,) can be plotted, and the areas
under these curves between y;, (Ycoo) = 0 and y; (Vo) = 1
are listed in this table. For pure systems, the integrands of the
left side as functions of P can be plotted, and the areas under
these curves between P = 0 bar and P = 1 bar are listed in
Table 8. 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 bar.

In Table 8, it can be seen that the integral thermodynamic
consistency test is obeyed fairly well by the binary CO,—N,
adsorption data on silicalite at 40 °C. At (70 and 100) °C, the
discrepancy increases. The results of the integral thermodynamic
consistency test match the results of predicting the adsorption
behavior of the binary system from pure gas systems in Figure
4 very well. At low temperature, the thermodynamic consistency
is good, so the difference of predicting the adsorption behavior
of the binary system from pure gas systems is small. At high
temperature, the thermodynamic consistency is less satisfied,
so it is impossible to predict the adsorption behavior of the
binary system from pure gas isotherms accurately. Thus, we
recommend that one key requirement for predicting the adsorp-
tion behavior of the binary system from pure gas systems is
that they satisfy the integral thermodynamic consistency tests
between pure and binary gas adsorption equilibria.

Conclusions

1. According to the pure gas isotherm data on silicalite, carbon
dioxide is adsorbed much more than nitrogen.



2486 Journal of Chemical & Engineering Data, Vol. 53, No. 11, 2008

Table 8. Integral Thermodynamic Consistency Test between Pure and Binary Carbon Dioxide (1) + Nitrogen (2) Equilibrium Adsorption Data
on Silicalite Using Equation 9

temperature °C 40 70 100
RHS: f§ [nal(l —y) - nﬂzyl] / [y, (1 = yp)ldy, I'I'll’nOl’gil 2.1231 1.3003 0.7166
It term in LHS: fj (10 / P)dP mmol+g ™! 23084 1.5809 1.0193
2nd term in LHS: i (n0/ P)ap mmol-g~! 0.2200 0.1671 0.1298
LHS: /i (n“?/P)dP - (nag / P)dP mmol-g~! 2.0883 1.4136 0.8895
I(LHS — RHS) / RHSI-100 % 1.64 8.72 24.13
2. Temperature dependent Toth is a useful model for n,, = adsorption saturation capacity or maximum amount
extrapolation and/or interpolation to predict adsorption capacities adsorbed in site 2, mmol-g "
at other temperatures and pressures. P = (total) pressure, bar
3. Among the three concentration pulse chromatographic P, = pressure of component 1, bar
methods used, the HT—CPM is the best one, the MTT—CPM P, = pressure of component 2, bar
is very good, and the MVV—CPM is not satisfactory for P, = pressure of component A, bar
describing the binary behavior of CO,/N, with silicalite. Py = pressure of component B, bar
4. The adsorption capacities for N, and CO, are very Q = isosteric heat, J+mol '
promising for silicalite as an adsorbent in applications in CO, R = gas constant, 8.314 J-K~'-mol ™"
removal from air for flue gas applications. T = temperature, K
5. n%cop NNa2s and 1, increase with decreasing tempera- T, = reference temperature, K
ture. Therefore, temperature is a very important factor for the x = mole fraction in adsorbed phase at equilibrium, dimen-
separation of this system, particularly when y.q, is very low. sionless
6. For the prediction of the CO,/N, binary system, Flory— x, = mole fraction of component A in adsorbed phase at
Huggins Vacancy Solution Theory can not be used, at all. equilibrium, dimensionless
The Extended Langmuir, Extended Dual-Site Langmuir, Ideal xg = mole fraction of component B in adsorbed phase at
Adsorbed Solution Theory, Statistical Model, and Extended equilibrium, dimensionless
Sips models cannot describe the real binary system accurately, y = mole fraction in fluid phase at equilibrium, dimensionless
either, and they can only be used at low temperatures or for yao = mole fraction of component A in fluid phase at
rough estimation when the binary data are not available. equilibrium, dimensionless
7. The selectivity is excellent for the CO,/N, binary system yg = mole fraction of component B in fluid phase at
with silicalite. equilibrium, dimensionless
8. The CO,—N, binary adsorption data on silicalite at low y;, = mole fraction of component 1 in fluid phase at
temperature satisfy the integral thermodynamic consistency test equilibrium, dimensionless

fairly well. The thermodynamic consistency is less satisfied as
. Greek letters
temperature increases.
o = adsorption constant, adsorption separation factor,
Nomenclature dimensionless
B = adsorption affinity constant, usually bar~" (units depend- QL = adsorption separation factor (the ratio of component
ing on models) A over component B), dimensionless

B, = adsorption affinity constant at some reference temper- O ap = ideal adsorption separa.tlon factor (the ratio of
ature. bar~! component A over component B), dimensionless

B, = adsorption affinity constant in site 1, bar™! 6 = fraction of monolayer coverage, dimensionless

B, = adsorption affinity constant in site 2, bar™' % = constant parameter, dimensionless

K = dimensionless Henry’s law constant, dimensior}less Abbreviations

K, = dimensional Henry’s law constant, mmol-g~ bar™!

T . . . . CPM = concentration pulse method
n = adsorption exponent or number of active sites, dimen-

DSL = dual-site Langmuir

sionless
_ . GHG = greenhouse gases
n, = adsorption exponent at some reference temperature, .
di . GSE = Gibbsian surface excess
imensionless

1 GWP = greenhouse warming potential

n“, = amount adsorbed of component A, mmol-g ™' ]1;52 f landfill gas . dsorpfi
n“s = amount adsorbed of component B, mmol-g RMS—_preStsure swing adsorption
n“, = amount adsorbed of component 1, mmol-g " — root-mean-square

a _ —1 SSR = sum of the square residuals
1’5 — amount adsorbed of component 2, mmol-g TCD = thermal conductivity detector

n“ = amount adsorbed, mmol-g~

n“°, = amount adsorbed of component 1 in the pure system, . .
mmoll° g! P p Y TSA = temperature swing adsorption
n“®, = amount adsorbed of component 2 in the pure system, VST = vacancy solution theory

1
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