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Abstract

Reliable adsorption equilibrium data and theoretical models for their accurate representation are crucial to the design of any
adsorption based separation. The adsorption equilibria of carbon dioxide, methane and nitrogen are particularly important
to the development of industrial pressure swing adsorption processes intended to separate CO, and N, from a variety of
conventional as well as unconventional natural gas sources. The adsorption equilibrium capacities of gas mixtures needed
for process design and simulation are often predicted from pure component adsorption data using various models including
the ideal adsorbed solution theory (IAST). In this work, we present the adsorption equilibrium capacity data for a ternary gas
mixture of CO,, CH, and N, as well as pure and binary gas mixtures of the same components on a commercial zeolite 13X,
measured at temperatures of (273, 303 and 333 K) and pressures from (25 to 900 kPa) using a dynamic column breakthrough
(DCB) apparatus. Although previous adsorption studies have reported the adsorption equilibria of pure and to a lesser degree
binary gas mixtures on zeolite 13X, no experimental data are available in the literature for a ternary gas mixture of CO,, CH,
and N, on zeolite 13X APG-III, a promising adsorbent for carbon capture and natural gas separation. The measured pure
component adsorption capacities were regressed to a Toth isotherm model and the obtained Toth parameters were used to
implement an IAST model for binary and ternary adsorption predictions. The IAST predictions of mixture gas adsorption
represented the binary and ternary adsorption equilibria well with their corresponding maximum deviations being 0.055
and 0.3 mmol/g, respectively. This indicates the IAST can be applied successfully to these adsorption systems even though
they involve molecules with different adsorption affinity and adsorbents with heterogeneous surfaces.
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1 Introduction world-wide (Rufford et al. 2012). In recent years, pressure

swing adsorption (PSA) technology has attracted much

The separation of CO, and N, from CH, containing gas mix-
tures is an essential step in many industrial applications such
as upgrading wellhead natural gas to pipeline gas specifi-
cations (Watson et al. 2011), ensuring the safe production
and storage of liquefied natural gas (LNG) (Kidnay et al.
2011), and promoting the commercialisation of sub-quality
reservoirs that comprise a significant portion of the reserves
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attention for the separation of CO, and N, from CH, due to
its potential in lowering the separation cost (Rufford et al.
2012; Saleman et al. 2017; Xiao et al. 2016).

For a PSA separation, the mixture gas adsorption equi-
librium data are essential to the design and simulation of
the process. However, there are limited literature data for
experimental mixture gas adsorption equilibrium because
the measurement of such data is still one of the most chal-
lenging experiments in adsorption research (Walton and
Sholl 2015). Instead, multicomponent adsorption data used
for design or simulation are often predictions from various
models based only on pure component adsorption experi-
ments. The ideal adsorbed solution theory (IAST) developed
by Myers and Prausnitz (1965) is the most widely used and a
generally reliable method for predicting mixture adsorption
using only pure component adsorption isotherms (Walton
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and Sholl 2015). The fundamental assumption of the IAST
theory is that the adsorbed phase is an ideal solution which
requires adsorbed molecules to have similar affinities for
the adsorbent (Talu 2013; Myers and Monson 2014). There-
fore, it is generally thought that the IAST will produce large
deviations between prediction and experimental data for
mixtures containing molecules with significant variations
in polarity and adsorption affinity, and for adsorbents, such
as zeolites, involving heterogeneous surfaces (Walton and
Sholl 2015). Such deviations of prediction from reality lead
to unnecessary uncertainties in the design and simulation of
adsorption processes.

In fact, multicomponent adsorption equilibria can be
quickly and reliably measured using a dynamic column
breakthrough (DCB) apparatus such as the one described by
Hofman et al. (2012) and Saleman et al. (2013). In this tech-
nique, adsorbate gases flow, in known ratios, through a col-
umn packed with an adsorbent material. Through the knowl-
edge of the gas feed flow rate and composition, adsorption
column pressure and temperature, and effluent composition
and flow rate, the amount of gas accumulated in the column
can be calculated, from which the equilibrium adsorption
capacity can be determined (Saleman et al. 2013; Delgado
et al. 2006, 2007; Rufford et al. 2013). An advantage of
the dynamic breakthrough technique is that this method is
inherently capable of measuring adsorption equilibria for gas
mixtures without any modifications or additional assump-
tions in the analysis; this allows rapid characterisation of
adsorption isotherms over a wide range of temperatures and
pressures, including sub-ambient pressures through dilution
of the adsorbate with an inert gas.

In this work, the dynamic column breakthrough tech-
nique was used to measure the adsorption equilibria of pure,
binary and ternary mixtures of CO,, N, and CH, on zeolite
13X APG-III which is a commercially available adsorbent
developed for the removal of CO, in cryogenic O, plants
and studied for the removal of CO, from flue gases using
pressure swing adsorption processes (Xiao et al. 2012).
Results for this particular adsorbent have not been reported
for natural gas separations although data for other forms of
zeolite 13X have been measured in the context of separat-
ing CO, and N, from natural gas (Wang 2012a; b; Cave-
nati et al. 2004, 2006). Given the higher CO, capacity of
zeolite 13X APG-III than other versions of zeolite 13X, it
might as well be used for the separation of CO, and N, from
natural gas. Therefore, its adsorption capacity for N,, CH,
and CO,, especially for binary and ternary mixtures, needs
to be understood to assess the performance of APG-III for
adsorption processes. Thus, the adsorption equilibria of
pure, binary and ternary mixtures were measured at tem-
peratures from (273 to 333 K) and pressures from (25 to
900 kPa). The pure gas equilibrium data were represented
with the Toth isotherm model and the binary and ternary

@ Springer

equilibrium data were compared with the IAST predictions
to examine the ability of this model to represent this system.

2 Experimental section
2.1 Materials

Commercial zeolite 13X, UOP MOLSIV™ APG-III, was
used in this study. This adsorbent was provided in the form
of spherical beads with an average particle diameter of
1.9 mm and a BET surface area of 546 m?*/g measured with
nitrogen at 77 K. The skeletal density of the adsorbent was
2346 kg m~> measured using a helium Pycnometer. All gases
used in this work were supplied by BOC (Australia) with
the following stated mole fraction purities: He—99.999%,
CH,—99.995%, CO,—99.995% and N,—99.999%.

2.2 Apparatus and procedure

Pure gas and binary gas mixture adsorption equilibrium
capacities were all measured using the same dynamic col-
umn breakthrough apparatus and procedure reported pre-
viously (Saleman et al. 2013, 2017; Hofman et al. 2012).
Ternary gas mixture adsorption data were measured using
the same apparatus but modified with an additional gas inlet
line as indicated by the red dashed line in Fig. 1. The cylin-
drical stainless steel adsorption column, with a length of
130 mm and an internal diameter of 22.2 mm, was packed
with 31.761 g of activated zeolite 13X APG-III beads. The
activation of the adsorbent was carried out stepwise in a
vacuum autoclave: the adsorbent was first heated to 120 °C
and held at this temperature under vacuum for 2 h; then the
temperature was increased to 200 °C and kept at 200 °C
for 1 h before the temperature was increased to 350 °C and
where it was held for at least 8 h. The adsorbent was then
cooled down to about 30—40 °C, and the vacuum autoclave
was filled with helium to about 1 atm pressure. After the
adsorbent was packed into the adsorption column, the col-
umn was flushed with helium at room temperature until the
connected outlet gas analyser reached a helium mole fraction
of 1.00 after which gas adsorption measurements were com-
menced. Pure N,, CH,, CO, isotherms and their binary and
ternary mixtures were measured over the pressure range of
(25-900 kPa) at temperatures of 273, 303 and 333 K.

2.3 Interpretation of adsorption data

The equilibrium adsorption capacities of gases on the adsor-
bent were derived via a mass balance analysis of gases enter-
ing/leaving and accumulated in the adsorption column (Sale-
man et al. 2013, 2017). The amount of gas flowing into and
out of the adsorption column can be obtained by integrating
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Fig. 1 The process flow sche-
matic diagram of the dynamic He

column breakthrough apparatus
(Saleman et al. 2017). (Color
figure online)
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the mass flow readings of each component gas before and
after the adsorption column. The amount of gas accumu-
lated in the adsorption column comprises gas adsorbed on
the adsorbent and gas in the void volume of the bed which
was measured through the displacement of helium. There-
fore, this dynamic column breakthrough method measures
excess adsorption capacities because the volume of helium
displaced from the column is assumed to be the volume of
gas in equilibrium with the adsorbed phase on the adsorbent
at the end of each experiment. However, this assumption
ignores the volume of the adsorbed phase which is not pre-
sent when the adsorption column is filled with pure helium.
The absolute adsorption capacities were then calculated
from the measured excess capacities and adsorbed phase
densities using Eq. 1 (Watson et al. 2009).

Qex
de&‘ =T 1
- pM,gas/pM,ads ( )
Here O, is the absolute adsorption capacity, Q,, is the

excess adsorption capacity, py .., and py .4, are the mass
densities of the gas phase and adsorbed phase, respectively.

- mass spectrometer

The mass densities of the pure gas and mixture gases at vari-
ous temperature, pressure and compositions were obtained
from the software package REFPROP 9.1 (NIST 2013). For
pure fluids, literature values of the adsorbed phase densi-
ties for pure compounds (p,4,c0,=1.170 gecm ™, Pads,CH,
=0.354 gecm™ and Padsy,=0.701 gecm ™) (Watson et al.
2009; Hefti et al. 2015; Sudibandriyo et al. 2003) were
used. These adsorbed phase densities were obtained using
the Ono—Kondo model and assumed to be independent of
pressure and temperature as pointed out by Watson et al.
(2009), who also found the uncertainty in calculated den-
sities could vary by about 10% using different methods
(Sudibandriyo et al. 2003) such as Ono—Kondo, ZGR EOS,
VDM covolume. For mixture gases, an ideal mixing rule
was used to estimate the adsorbed phase densities. Detailed
analyses of how reliable equilibrium adsorption capacities
can be determined with this apparatus are provided by Hoff-
man et al. (2012) and Saleman et al. (2013). For brevity and
convenience of discussion, the absolute adsorption capacity,
Qs 15 referred as Q in equations, figures and tables in the
following sections.
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2.4 Measurement uncertainties

The contributing sources of measurement uncertainty in the
adsorption capacities are listed in Table 1 and are as reported
by Hofman et al. (2012). They identified that the most sig-
nificant uncertainty source was the measurement of the differ-
ence between the flow rates entering and exiting the column.
Quantification of the overall adsorption capacity measurement
uncertainties can thus be achieved from the uncertainties in the
total molar flow measurements for pure component measure-
ments (Eq. 2) and the component molar flows for measure-
ments with multicomponent mixtures (Eq. 3).

u(@) _ U’ +uFy

o f=F

(For pure fluids) @

Here fis the inflow, F'is the average effluent flow rate from
time t=0 up to shortly after reaching steady-state and u(x)
indicates the uncertainty in the quantity x.

w(Q)  Vulf) +ul(E) +uly; * Fy)’

where Q,,... Ky, AH, n are adjustable empirical param-
eters, where n is the adsorbent heterogeneity factor, AH is
the enthalpy of adsorption, Q,,,, is maximum equilibrium
adsorption capacity and K|, is the equilibrium parameter at
infinite temperature. The other standard parameters in the
equation are R and T which are the ideal gas constant and
the gas temperature, respectively.

3.2 Ideal adsorbed solution theory (IAST)

The ideal adsorption solution theory (IAST) proposed by
Myers and Prausnitz is a thermodynamically consistent
approach to predicting multicomponent adsorption equilibria
based on pure component isotherms (Myers and Prausnitz
1965). This theory was developed with an assumption among
others that the spreading pressures of the components must be
equal at constant temperature, where the spreading pressure
(m) for a single component can be calculated from the Gibbs
adsorption isotherm as follows (Thomas and Crittenden 1998):

> (For multicomponent mixtures) S
Q fi = F; =y * Fye
Here F; = y/F is the molar flow of each component. The
uncertainty is estimated for each component and displayed P 0
as an error bar in each of the result plots. T= RT{ (n}/A)dinP ®)
3 Model description Thus, the condition 7,,;, = 7,= ;= ...= my must be fulfilled

3.1 Toth model

The Toth model was used to regress the pure component
adsorption data. The Toth isotherm equation is recommended
for microporous adsorbents and has been used extensively for
adsorption data representation and adsorption process simula-
tions (Valenzuela and Myers 1989). The expression of the Toth
model is shown in Eq. 4.

KP
Qabx = Qmax

o —-AH
; ’K‘Koe"p<ﬁ> @)
[(1+(KP)"] 'n

to meet the IAST requirement for a mixture composed of N
(number of species in the mixture) components, which leads
to the following expression:

P n? P nj(.) Py n%
7mA/RT = [ —dp;= [ —dp;=... = [ —dpy (6)
0 Pi 0 pj 0 PN

where p? is the hypothetical equilibrium gas phase pressure
exerted by the respective pure component i, over area A,
when it has the same temperature and spreading pressure
(m,,;,) of the adsorbed phase in a mixture system, n? is the

corresponding capacity for the pure component i, and p;, is

Table 1 Component

. . . Component
uncertainties associated with

Uncertainty

DCB apparatus (Hofman et al.
2012)

Mass flow meter (MFM)
Mass flow controller (MFC)
Back pressure regulator (BPR)

Quartz-crystal pressure transducer (QPT)

Mass spectrometer (MS)

Platinum resistance thermometer (PRT)

Mass of adsorbent

1.6% of reading +0.2% of full scale
0.8% of reading +0.2% of full scale
0.25% of full scale

0.1 kPa

0.01 mol fraction

02K

5Smg
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the gas phase pressure exerted by component i in the mix-
ture, which can be expressed as p; = p?(n’)xi with x; being
the mole fraction of i in the adsorbed phase.

The p; can also be expressed as p; = y;P if the total pres-
sure of the mixture is P and the mole fraction of i in the
vapour phase is y;. Therefore, at equilibrium conditions for
a component i in a multicomponent mixture, the following
equation can be obtained

yiP = p()x; )

Assuming the total pressure P and mole fraction y; of
component i in the vapour phase are known, then the calcu-
lation procedure for a mixture involves finding p? and x; by
solving Egs. 6 and 7 simultaneously subject to the constraint
Y x; = 1. Once values of p? have been found, n¥ can be cal-
culated and with the x; values also known, the total adsorbed
amount, ny, can be calculated using standard state loadings
from the pure component isotherms

|3<

®)

[=]

1 —
nr 3

S

The adsorption of each species in the mixture is then cal-
culated by

n; = xnr 9

4 Results and discussion
4.1 Pure component equilibria

Pure component adsorption data for N,, CH, and CO, on
zeolite 13X APG-III in the pressure range of 25-900 kPa at
three temperatures (273, 303 and 333 K) are shown in Fig. 2.
The corresponding optimal regression plots using the Toth
isotherm model are also shown in the figure. The devia-
tions of the experimental data from the predicted values as
a fraction of the measured data are shown in Fig. 3. The
Toth model parameters determined by regression with their
associated statistical uncertainties are presented in Table 2.
As seen from the plots, the pure gas adsorption data could be
well represented by the Toth isotherm model, with a stand-
ard deviation of 0.004 mmol/g for N,, 0.004 mmol/g for CH,
and 0.02 mmol/g for CO,, which are all within the experi-
mental uncertainties for these measurements. In addition, all
the Toth model parameters were obtained with small statis-
tical uncertainties except for the K, parameter for CO,, for
which the uncertainty was larger than the parameter value;
this was caused by the fact that there were fewer measure-
ments made in the low pressure range to adequately cover
the large variation in the adsorption capacity of CO, that
occurs for a relatively small change in pressure.
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Fig.2 Experimental data and regressed Toth isotherms for a N,, b
CH, and, ¢ CO,

The equilibrium adsorption amount of each component
increased with pressure at constant temperature; how-
ever, the initial increase of CO, adsorption at low pressure
(<100 kPa) region was more prominent than the increases
for N, and CH,. At all temperatures, the measured equilib-
rium capacity of CO, was higher than that of N, and CH,
for the same pressure because of the stronger polarizabil-
ity of CO, compared to CH, and N, (Mulgundmath et al.
2012). For N,, the maximum adsorption capacity measured
at 273 K was 2.03 mmol/g at a pressure of 902 kPa, and
capacities with the same pressure at 303 and 333 K were
1.48 and 1.16 mmol/g, respectively. For CH,, the maximum
adsorption capacity measured at 273 K was 2.9 mmol/g
at a pressure of 903 kPa, and the corresponding capaci-
ties for the same pressure at 303 and 333 K were 2.34 and
1.85 mmol/g, respectively. For CO,, the maximum adsorp-
tion capacity measured at 273 K was 5.83 mmol/g at a pres-
sure of 891 kPa, and the corresponding capacities for the
same pressure at 303 and 333 K were 5.18 and 4.65 mmol/g,
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Fig. 3 Relative deviation plots of pure component experimental data
from regressed Toth models: a N, b CH, and ¢ CO,

Table 2 Toth isotherm parameters regressed to data measured across
three isotherms (273, 303 and 333 K)

CH, N, CO,
Data points (N) 27 29 29
Q_max (mmol/g) 4.11 +£0.15 3.85+0.82 6.82 +0.73
Ky % 10°(1/kPa) 4.99 +0.09 3.89 +0.95 1.29 +2.78
— AH (kJ/mol) 144 +£0.5 13.6 £ 0.5 392 +4.0
n 0.99 +0.11 0.86 +£0.16 0.29 + 0.08
RMSD (mmol/g) 0.004 0.004 0.020

respectively. The experimental data were found to be con-
sistent with exsisting literature data (Wang 2012; Cavenati
et al. 2004, 2006).

Following a review of the published data on Zeolite 13X,
three additional recent data sets measured under relatively
similar experimental conditions have been plotted for com-
parison. These data are from Mofarahi and Shokroo (2013)
(N,), McEwan et al. (2013) (CO,), and Saleman et al. (2017)
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(CH, and N,). The published data are in very good agree-
ment with the present measurements.

4.2 Binary gas mixture adsorption equilibria

Binary adsorption equilibria were measured for three dif-
ferent binary gas mixtures, namely CO,+N,, CO,+CH,
and CH, + N,. The experiments were conducted over three
temperatures (273, 303 and 333 K), each with two overall
system pressures (100 and 900 kPa), incorporating three
combinations of mixture composition (25/75%, 50/50% and
75/25%). This resulted in 18 experiments for each binary
mixture and a total of 54 binary experiments which are tabu-
lated in Tables 3, 4 and 5. To check the thermodynamic
consistency of the pure gas results with the binary adsorp-
tion data and the internal consistency of the binary data,
consistency tests were carried out for each of the three pairs
(CO, + N,, CO, + CH,, and CH, + N,) of binary experi-
ments using the data obtained at the temperature of 273 K
with the method suggested by Sircar et al. (Rao and Sircar
1999). A brief introduction of the equations used for the
consistency tests and the results of comparison are given in
the Supporting Information. These binary experimental data
are also plotted in Fig. 4 (CO,+ CH, and CO, +N,) and
Fig. 6 (CH,+N,) along with adsorption predictions from the
IAST implemented using the algorithm of Valenzuela and
Myers (1989), with Toth isotherm parameters obtained from
the pure component adsorption equilibria. It can be seen
that the affinity of CO, towards Zeolite 13X is much higher
than those of CH, and N,. This translates to a non-uniform
site energy distribution for binary mixtures containing CO,,
which can be represented by a quasi-IAST isotherm for the
mixture based on the Toth function (Kumar et al. 2011). For
CO, at partial pressures above 10 kPa, the adsorption on
Zeolite 13X can be represented within experimental uncer-
tainty from the partial pressure alone using the quasi-IAST
isotherm. The deviations between the experimental data
and the predictions from the IAST model as a percentage
of the experimental values are shown in Fig. 5 (CO,+CH,
and CO,+N,) and Fig. 7 (CH,+N,). Zeolite 13X has an
extremely strong affinity towards CO, compared to CH, or
N, as can be seen in the values of equilibrium selectivity
shown in Tables 3 and 4. Selectivity was calculated based
on the following formula for carbon dioxide over methane:

_ Qcor/Ycon

Aco. = 10
COM ™ O s /Yo (10

Similar equations were used to evaluate the selectivity
of CO, over N, (Table 4) and CH, over N, (Table 5). Fig-
ure 6 shows the adsorption observed for the CH, + N, binary
mixture, with Fig. 7 showing the deviations of those data
from the predictions of the IAST. The values of acy _y,
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Table 3 CH,+ CO, binary mixture adsorption capacity data

T(K) P(kPa) CH, CO, Selectivity

y; (mol/mol) Q (mmol/g) u(Q) (mmol/g) y;(mol/mol) Q (mmol/g) u(Q)(mmol/g) (Ccor_cHaImeas (HCO2-CHAIAST

333 106 0.76 0.25 0.11 0.24 2.43 0.24 32 137
106 0.52 0.20 0.07 0.48 3.01 0.14 17 122
106 0.26 0.04 0.02 0.74 3.44 0.10 32 116
903 0.80 0.39 0.09 0.20 3.71 0.43 37 109
903 0.56 0.22 0.04 0.44 4.38 0.24 25 111
903 0.31 0.10 0.02 0.69 4.58 0.16 20 115
303 113 0.76 0.31 0.12 0.24 3.38 0.32 35 198
107 0.52 0.18 0.05 0.48 391 0.18 23 195
107 0.26 0.05 0.02 0.74 4.16 0.12 27 196
902 0.79 0.32 0.07 0.21 4.33 0.49 51 212
902 0.56 0.30 0.04 0.44 4.90 0.26 20 240
902 0.31 0.14 0.02 0.69 5.07 0.18 16 266
273 106 0.76 0.32 0.11 0.24 4.22 0.40 42 305
106 0.51 0.21 0.05 0.49 4.77 0.21 23 338
106 0.26 0.05 0.01 0.74 4.99 0.15 35 367
903 0.79 0.46 0.09 0.21 5.08 0.57 42 460
903 0.55 0.17 0.02 0.45 5.65 0.30 39 593
903 0.31 0.16 0.03 0.69 6.03 0.21 17 695

Table4 N,+CO, binary mixture adsorption capacity data

T(®K) P(kPa) N, co, Selectivity

y; (mol/mol) ~ Q (mmol/g)  u(Q) (mmol/g) y; (mol/mol) Q (mmol/g) u(Q) (mmol/g) (Xcor NDmeas (Ycop-n2iasT

333 108 0.75 0 0.08 0.25 2.71 0.25 * 309
108 0.49 0 0.36 0.51 3.42 0.15 * 290
107 0.25 0 0.44 0.75 3.69 0.11 * 284
902 0.79 0 0.05 0.21 3.97 0.46 * 286
902 0.54 0 0.07 0.46 4.40 0.24 * 309
902 0.28 0 0.06 0.72 4.73 0.16 * 332

303 107 0.75 0 0.02 0.25 3.49 0.32 * 499
107 0.48 0 0.42 0.52 4.13 0.18 * 517
106 0.24 0 0.21 0.76 4.35 0.13 * 537
902 0.78 0.01 0.00 0.22 4.74 0.53 2330 624
901 0.52 0.01 0.03 0.48 5.23 0.27 769 765
902 0.28 0 0.05 0.72 5.29 0.18 * 873

273 107 0.75 0 0.07 0.25 4.47 0.41 * 867
108 0.48 0 0.19 0.52 5.07 0.22 * 1027
108 0.24 0 0.26 0.76 5.24 0.15 * 1148
903 0.78 0.02 0.02 0.22 5.35 0.59 962 1559
902 0.52 0.01 0.08 0.48 5.93 0.30 644 2176
902 0.28 0 0.09 0.72 6.03 0.21 * 2639

Cells with * denote instances when the selectivity calculation was not done given that the measured equilibrium adsorption capacity for nitrogen
was very small and comparable with the experimental uncertainty

shown in Table 5 are similar with the literature values for From Figs. 5 and 7, it can be seen that the IAST could
other common adsorbents such as activated carbon (Rufford ~ provide accurate predictions of the equilibrium capacities
et al. 2013). for the binary mixture components. The root mean square
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Table 5 CH,+ N, binary mixture adsorption capacity data

T (K) P (kPa) CH, N, Selectivity
y; (molmol) Q (mmol/g) u(Q) (mmol/g) y; (mol/mol) Q (mmol/g) u(Q) (mmol/g) (O CHAN meas
333 105 0.74 0.27 0.02 0.26 0.05 0.02 1.8
106 0.51 0.18 0.01 0.49 0.10 0.01 1.8
106 0.27 0.10 0.01 0.73 0.15 0.02 1.8
902 0.76 1.46 0.07 0.24 0.25 0.07 1.9
902 0.53 1.08 0.07 0.47 0.47 0.07 2.0
902 0.30 0.63 0.07 0.70 0.75 0.07 2.0
303 106 0.74 0.39 0.02 0.26 0.08 0.02 1.6
106 0.50 0.27 0.02 0.50 0.15 0.02 1.8
106 0.26 0.14 0.02 0.74 0.23 0.02 1.8
902 0.76 1.70 0.09 0.24 0.25 0.08 2.1
902 0.53 1.44 0.10 0.47 0.61 0.09 2.1
901 0.30 0.86 0.09 0.70 0.98 0.09 2.1
273 106 0.74 0.68 0.03 0.26 0.13 0.03 1.9
107 0.50 0.48 0.03 0.50 0.24 0.03 1.9
107 0.26 0.25 0.03 0.74 0.37 0.03 1.9
902 0.76 2.31 0.12 0.24 0.34 0.09 2.2
902 0.53 1.83 0.13 0.47 0.73 0.11 2.2
902 0.30 1.12 0.12 0.70 1.19 0.11 2.3
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Fig.4 Adsorption capacity and IAST (Toth) prediction at 333, 303
and 273 K for a CO,+CH, and b CO, +N, binary gas mixture. IAST
predictions for CH, and N, in their binary mixtures with CO, are not
shown due to the neglibigle amount of adsorption
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deviation between the IAST predictions and the measured
equilibrium adsorption capacities were 0.030 mmol/g for
CO, and 0.048 mmol/g for CH, for the CO, + CH, mix-
ture, 0.055 mmol/g for CO, and 0.020 mmol/g for N, for
the CO,+ N, mixture, and 0.003 mmol/g for CH, and
0.014 mmol/g for N, for the CH, + N, mixture, which were
all less than the measurement uncertainties. Figure 4 also
shows the competitive adsorption among CO,, CH, and N,.
The presence of CO, reduced the CH, adsorption capacity
by 98% in the binary gas mixtures of CO,+ CH, (Fig. 4a)
compared to pure CH, adsorption, and the N, adsorption
capacity by 99% in the binary gas mixtures of CO,+N,
(Figs. 4, 6b) compared to pure N, adsorption. In binary
mixtures of CH,+ N, (Fig. 6), both gases exhibited more
adsorption on zeolite 13X than in mixtures containing CO,;
however, a reduction in adsorption capacity was observed for
both gases (N, by 32% and CH, by ~10%) when compared
to their pure fluid adsorption capacities.

In these experiments, both the feed composition
(25-80%) and the total system pressure (1-9 bar) were
varied for all binary gas mixtures to study the effect of
gas composition on the competitive adsorption of gases
at different total pressures. This is useful for verifying the
performance of predictive models for competitive adsorp-
tion used to simulate dynamic PSA processes since both
the total pressure and gas compositions frequently change
during a cycle. It is commonly expected that at constant
temperature the adsorption amount of a gas in a mixture
will vary with changes in either the gas composition or the
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Fig.6 Adsorption Capacity at 333, 303 and 273 K for CH,+N,
binary gas mixture, showing pure component isotherm data as dashed
lines

total system pressure because of competitive adsorption,
even if the partial pressure of each adsorbate is held the
same. However, the extent of any reduction depends on the
relative affinities of the adsorbates in competition; poten-
tially, the adsorption of higher affinity gas will only be
slightly lessened by the presence of the weakly adsorbed
gas. As an example, the adsorption of CO, at a partial
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Fig. 7 Deviation plot of experimental data from IAST (Toth) model
as a % of experimental data at 333, 303 and 273 K for (CH,+N,)

pressure of 25 kPa in a binary mixture of CO, and CH,
at a total pressure of either 100 or 400 kPa was measured
at 273 K. The decrease in CO, adsorption resulting from
an increase in total pressure from 100 to 400 kPa was only
3.8% despite the significant reduction in CO, fraction from
25 to 6.25 mol%. For the CO, and N, mixture, the impact
of such changes were even smaller with a reduction in
CO, adsorption at constant partial pressure of only 1.5%.
In contrast, the four-fold reduction in CO, mole fraction
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and four-fold increase in system pressure resulted in an
increase the adsorption of both CH, and N, by a factor of
about 3.8.

The spreading pressures extrapolated during the IAST
calculations for CH, in binary mixture of CH,—CO, was
~ 13,000 kPa, whilst the corresponding spreading pres-
sure for N, in a N,—CO, mixture was ~ 15,000 kPa. These
exceedingly high spreading pressures were not covered by
the pure component isotherm measurements and are thus a
concern for the validity of using IAST to predict mixture gas
adsorption. However, the reasonable agreement between the
binary data and the IAST model in this work showed that
the extrapolation of spreading pressure did not affect the
predictive capability of the IAST model.

4.3 Ternary experiments with CO,, N, & CH, gas
mixture

The ternary adsorption equilibria were measured for ter-
nary mixtures of N, +CH, + CO, prepared by flow, where
the ratio of N,—~CH, was always approximately 1:1, while
the approximate CO, mole fraction was either 0.8, 0.6 or
0.4. These experiments were conducted at three temperature
(273, 303 and 333 K) and three overall system pressures
around (100, 500 and 900 kPa). The results of these 27 ter-
nary experiments with measurement uncertainties are listed
in Table 6 and plotted in Fig. 8 along with the regressed Toth
model for pure CO, at the corresponding temperatures/par-
tial pressures and IAST predictions for the mixtures based
on pure component Toth model parameters.

Comparison of equilibrium adsorption amounts in the
ternary mixtures with those predicted for the pure gas
adsorption isotherms (Fig. 8) reveals that the CO, equilib-
rium adsorption capacity was not affected by the presence
of either methane or nitrogen in a ternary gas mixture while
in contrast the CH, and N, adsorption amounts were signifi-
cantly suppressed in the mixture. To be specific, an exemplar
comparison is made for the adsorption at a temperature of
273 K and a total pressure of 902 kPa. At the equivalent par-
tial pressure of 250 kPa, the adsorption capacity of N, was
reduced from 1.12 mmol/g for the pure gas to 0.02 mmol/g
in a ternary mixture of 28% N, +37% CH,+35% CO,.
Similarly the adsorption capacity of CH, at this partial
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pressure was reduced from 1.87 mmol/g for the pure gas
to 0.13 mmol/g in a ternary mixture of 18% N,+27%
CH, +55% CO, as shown in Fig. 8. In contrast, the sorption
of CO, in the mixture at a partial pressure of ~500 kPa in the
ternary gas mixture of 28% N, +18% CH,+55% CO, was
the same within the measurement uncertainty as its adsorp-
tion capacity for the pure fluid at the same partial pressure
at 5.7 mmol/g. Figure 9 shows a deviation plot for the differ-
ence between the measured data and the IAST (Toth) model
predictions as a percentage of the measured data. The data
confirm that the IAST (Toth) model predicts the measured
CO, sorption values with reasonable accuracy and is there-
fore a representative model for the ternary gas mixture data.
The deviations for CH, and N, are not plotted due to the
negligible measured adsorption in the presence of CO,.

5 Conclusion

Knowledge of mixture gas adsorption equilibrium data is
critical to the design and simulation of adsorption based pro-
cesses. In this paper adsorption data of pure CO,, CH, and
N, on zeolite 13X APG-III were measured at different pres-
sures in the range of 25-900 kPa and three different tempera-
tures (273, 303 and 333 K). The CO, adsorption amount was
much higher than that of N, and CH, at the conditions meas-
ured. The pure gas adsorption data could be well described
using a Toth isotherm model with parameters obtained by
regression of the data. Experimental binary and ternary
adsorption equilibria data were also measured for mixtures
of CO,, CH, and N, in the same temperature and pressure
range, and compared to IAST predictions based on the Toth
model parameters determined from the pure gas adsorp-
tion data. The IAST predictions of mixture gas adsorption
could represent the binary and ternary adsorption equilibria
well with corresponding maximum deviations being 0.055
and 0.3 mmol/g, respectively, indicating the IAST predic-
tions of CO,, CH, and N, mixture gas adsorption on zeolite
13X are robust and that the IAST can be reliably used for
process design calculations using this adsorbent.
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Fig.8 Adsorption capacities for ternary gas mixture of
(CH4+N,+CO,) and isotherm model predictions for pure compo-
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of CO, on the adsorption capacity of methane and nitrogen
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