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The Langmuir and Sips models parameters were estimated for the adsorption of several light gases and hydrocarbons
(H>, CH4, CO,, CO, N,, C,Hg, C3Hg, n-C4H ) in silicalite along with their functionality with temperature. This is a sci-
entific attempt to resume and reconcile the number of available experimental data and supply scientists and other oper-
ators with the adsorption properties of silicalite within a wider range of temperature and pressure. Furthermore, to
provide readers with more detailed information on where each of the two models work better, the analysis is divided
into three temperature ranges: low-temperature, high-temperature, and whole temperature range. As a result, it is found
that the Langmuir model works well in the whole temperature range for the light gases considered but not for the other
hydrocarbons, for which it is better to use the Sips model by splitting calculation over low- and high-temperature range.

© 2015 American Institute of Chemical Engineers AIChE J, 61: 3911-3922, 2015
Keywords: silicalite, zeolite, membranes, adsorption properties, gas separation

Introduction

Adsorption is crucial to study the catalytic characteristics of
various materials. Furthermore, unit operations based on
adsorption are successfully used to purify gas streams. Species
separation through adsorption is mainly driven by three differ-
ent mechanisms: steric, equilibrium, and kinetic. The steric
mechanism is based on the pores dimension, as it allows just
small molecules to enter. The equilibrium mechanism is based
on the solid capability to accommodate different species with
different extent. Finally, the kinetic one is based on the differ-
ent rates of diffusion into the pores.'

For an efficient separation, a good choice is generally to use
adsorbents with good adsorptive capacity and fast kinetics,
this allowing a shorter residence time in the purification col-
umn and/or a small amount of adsorbent required. Some
important adsorbents used in industry are alumina, silica gel,
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activated carbon, and zeolites, which are alumino-silicate with
channel size in the range of molecular size (3—10 1&).2’3

In the present study, the considered zeolite is the silicalite,
which belongs to MFI-type (mordenite framework inverted)
zeolite, composed by orthorhombic cells with the following
dimensions: @ = 20.07 A, b =19.92 A, c = 13.42 A*”

The MFI membranes are widely studied for gas separation,
in particular for CO,/N, and CO,/CH,4 separation.8 For exam-
ple, Lovallo et al.’ reported the gas performances on MFI
membrane. The results of single gas measurements show an
ideal selectivity for H,/N, and H,/CH, higher than 30 at
125°C, whereas CO,/CH,4 and O,/N; are 8 and 3, respectively.
Single and binary permeation of CH, and CO, across
silicalite-1 was also investigated by Zhu et al.'® who provide
an ideal CO,/CH, selectivity that decreases with increasing
both feed pressure and temperature. The maximum value is
around 4 at 303 K and 101.3 kPa.

Along with experimental studies, several modeling and sim-
ulation works were also performed®®~'? with the aim at better
characterizing the single-species adsorption properties of
silicalite.

Both definition and characterization of the adsorption prop-
erties strongly depend on the adsorption model used for the
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Table 1. An Overview of the Operating Conditions Ranges of the Published Experimental Isotherms Used in the
Present Work

Species Temperature Range Temperature Interval (K) P haximum (kKPa) References Number of Isotherms
H, Low - - - —
High - - - -
Whole 305-343 1483 11 2
CHy4 Low 275-304 2052 11-13,15,16,18 8
High 308-408 2072 11-13,15,16,18 11
Whole 275-408 2072 11-13,15,16,18 19
CO, Low 277-305 2001 11,12,15,18
High 308-408 2044 10-12,15,17,18 11
Whole 277-408 2044 10-12,15,17,18 16
CO Low - - - -
High - - - -
Whole 305-341.5 744 11 2
N, Low 288-305 1000 11,15,18 4
High 313-345 1000 11,15,18 4
Whole 288-345 1000 11,15,18 8
C,Hg Low 273-300 2109 12-15 7
High 308-473 2058 6,12-15 11
Whole 273-473 2109 6,12-15 18
C;3Hg Low 273-303 538 6,12-14 6
High 308-473 805 6,12-14 10
Whole 273-473 805 6,12-14 16
C4Ho Low 275-303 190 6,12,13 4
High 308-473 190 6,12,13 9
Whole 275-473 190 6,12,13 13

analysis. The Langmuir approach provides properties of
adsorption averaged over a complex surface, with the aim at
simplifying the analysis and obtaining values suitable to be
directly used by scholars and researchers.

Starting from his approach, many others have been devel-
oped aimed at taking into account more detailed complexities.
For example, the Sips model accounts for the effect of lateral
interactions among adsorbed molecules by introducing a pres-
sure exponent in the adsorption isotherm, changing in this way
the form of the Langmuir one (see Eqs. 1-7)."

These models have the advantage to be relatively easy by
taking into account, at the same time, the main phenomena
involved in the monolayer adsorption.

Concerning silicalite, although number of extensive studies
reporting its physicochemical and adsorption properties pres-
ent in the open literature,**™'® in Authors’ opinion there is a
lack of systematicity in both determining and using the consid-
erable amount of available experimental data. This is owing to
the fact that the majority of results obtained by each research
group seem to be evidently not related to each other, each of
them being in practice unlinked with others of the same type.
This is a strong limitation for a user who wants to have a clear
and synthetic outline of such a complex situation.

In this context, the overall aim of the present work is to
cover such a lack of systematicity by providing an overall rec-
onciliation of the available and coherent experimental data
from the literature.

Table 1 reports all the adsorption isotherms (a total of 94
isotherms over eight gas species) considered in this work and
the corresponding temperature and pressure range.

To our intention, these isotherms should be as representa-
tive as possible of all the operating conditions ranges con-
sidered in the open literature. Furthermore, empirical
functionalities with temperature (see Eqgs. 8 and 9) are consid-
ered within different temperature ranges to provide a quantifi-
cation of the temperature influence on adsorption parameters
like saturation loading and lateral interactions exponent, this
further enlarging the validity of the present investigation.
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To carry out our investigation, the experimental isotherms
obtained in the single literature works are included in a wider
systematic procedure allowing a reconciliation of the analyzed
data within a clearer context, which in turn allows a simpler
recognition and usage of the adsorption parameters. However,
as in most cases the pretreatment and post-treatment to which
the zeolites are subjected are not fully known, the strong
dependency of the adsorption properties on them cannot be
fully understood.

The choice of the experimental data used for regression
deserves some explanations. As mentioned above, we collect a
number of experimental data to carry out our study. However,
it is not generally known and clear a priori which set of data
are suitable for analysis, as some data could be “not coherent”
to each other. In our investigation, it is decided that a subset of
data (i.e., a group of isotherms) is not coherent when it is in
contrast with the majority of the available data. In practice,
having a set of isotherms, we consider coherent a subset of iso-
therms whose temperature continuously increases with
increasing loading for a fixed pressure.

Mathematical Approach
Adsorption models

As aforementioned, all the experimental data considered in
this article are fitted according to the Langmuir and Sips
adsorption models. The former is chosen because it is largely
used in the literature, whereas the latter because of the sim-
plicity in taking into account the molecule-molecule lateral
interactions. The Langmuir model is given by Eqs. 1-4

bLangP
C,=Cjy——"F— 1
R Y M
(QAds.Lang>
bLang = boc,Lange e )
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The parameter b, present in both the expressions of Lang-
muir and Sips models, is the so-called “affinity constant,” indi-
cating the adsorption strength of an adsorbate molecule onto a
surface,! whereas b, is the parameter of the desorption
kinetics.

The semiempirical parameter n appearing in Eq. 5 indicates
the system heterogeneity and, generally, is greater than unity.
When 7 is equal to unity, the Sips equation reverts to the
Langmuir one. To measure the temperature dependence of n
and saturation loading, the following empirical expressions
are chosen, which are not originally part of the two adsorption
models’

%=ni0+oc[l—%} ®)
Cus =Cusoe[z<l_%)} ©)

Equation 9 states that the higher the temperature is, the
lower the saturation loading. The magnitude of the parameter
y gives the temperature dependence of saturation loading.

However, in the case of the Langmuir model, some explana-
tions are required concerning the form of Eq. 9. To do that, let
us remind the definition of isosteric heat of adsorption (Qys),
which is generally defined as the ratio of the infinitesimal vari-
ation of the adsorbate enthalpy to the infinitesimal variation of
the amount adsorbed (van’t Hoff equation, Eq. 10)"

- OlnP
Ol = —AH150=RgT2( ) (10)
ar ) c,

where AHy, is the molar isosteric enthalpy of adsorption.
Using Egs. 14 in Eq. 10, it is possible to demonstrate that,
after some algebra, the following expression is obtained relat-
ing heat of adsorption (Qags 1ang) and isosteric heat of adsorp-
tiOIl (QIso,Lung)
2
QIso.Lang: g + QAds,Lang + % (1 1)

However, as also pointed out in the literature,1 the third
term goes toward infinity for 0 approaching to the unity. The
only way to avoid this behavior, which is not physically
acceptable, is to set the parameter y to zero, which implies a
temperature-independent saturation loading.

Furthermore, considering that the first term is generally
small compared with the second one (Qads,Lang)—in most lit-
erature Works Do ane 1S €ven considered constant with tem-
perature (see, e.g., Bakker et al.*’)—it can be stated with a
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sufficiently good approximation that isosteric heat of adsorp-
tion and heat of adsorption are basically equal in the Langmuir
model. Therefore, according to Eq. 11, the Langmuir model
cannot be used to estimate the isosteric heat of adsorption at
values of loading approaching to the unity.

As well, also the Sips model shows the same consistency
problem, shown from the relationship between heat of adsorp-
tion (Qags sips) and isosteric heat of adsorption (Qjso sips) Pro-
vided by Egs. 12 and 13

C IRT? [ Cps
Oro,ips = Qds sips ~ ¥R Ton’In { —”C }—i_n g { = }
us n

Ty Cus—Cy
(12)
0 aR,T? [ 1
Orso,sips =Qads sips —0RTon’In {m} +n /{Ti {m] (13)

From these expressions, it can be easily observed that, when
the parameter o approaches to zero (i.e., n approaches to the
unity), the expression of the Sips isosteric heat of adsorption
coincides with the Langmuir one, as expected. Moreover,
if the functionality with temperature can be neglected (i.e.,
7 = 0), the Sips heat of adsorption coincides with the isosteric
heat of adsorption calculated at a fractional loading of 0.5."

Analogously to what seen for the Langmuir model, also the
Sips one cannot be satisfactorily used for estimating the isos-
teric heat of adsorption for loading values approaching to the
unity. However, although both models suffer for such a consis-
tency problem, the average procedure used in this article (see
discussion related to Eqs. 14-16) shows that a sufficiently
good estimation is obtained using Eqs. 11 and 13.

Regression settings and remarks

A multivariate nonlinear regression was performed to evalu-
ate the adsorption parameters. In particular, for each species,
all the available isotherms were fitted at once with both Lang-
muir and Sips model, using the least squares method. For this
purpose, the minimization routine already available in
MATLAB® environment (namely “Isqcurvefit”) is used.”!

However, owing to the number of parameters (four parame-
ters in the Langmuir model and six parameters in the Sips
one), a particular attention was paid to assuring that the min-
ima of the objective function found by the routine were global
minima and not local ones. To do that, the routine run 40 times
using different initial guess values, which were changed
according to a criterion for which, once the routine had pro-
vided an optimum set of parameter values, such a set was
modified by changing randomly all values and providing the
new set of input initial guess for the successive run. The rela-
tive normalized tolerance for the convergence condition was
set to 10™® for all runs.?'

Results and Discussion

As the main objective of this work is to provide end users
with actual values of adsorption parameters, the obtained
results are presented in terms of both calculated isotherms, bar
figures and tables, where the complete set of calculated param-
eters can be found (see Supporting Information).

Furthermore, to provide more specific pieces of information
to scientists and researchers and to show them in which condi-
tions the two models work better, the calculation is performed
considering three temperature ranges: the whole temperature
range, the low-temperature range, and the high-temperature
one.
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Figure 1. Calculated optimal values of the Langmuir model for the considered species.

Saturation loading C,, parameter b,, heat of adsorption Qagspangs empirical parameter y. Whole temperature range (see Table
1). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In practice, first the multivariate regression is applied to all
the available isotherms at once. Then, the whole temperature
range is divided into two subranges (low- and high-
temperature range) with the criterion that the former spans
from the lowest temperature considered for each species up to
the room temperature (around 295-303 K), whereas the latter
spans from the temperature just higher than the room tempera-
ture to the maximum temperature considered.

Such an analysis arises from the consideration that the lower
the temperature, the stronger the species-zeolite interaction.
Therefore, at lower temperature, it is possible that simple
adsorption models like the Langmuir one do not satisfactorily
describe the macroscopic behavior of the adsorbed molecules.

Estimation of adsorption parameters: Whole
temperature range

Figure 1 shows the optimal values of the adsorption proper-
ties in terms of parameters of the Langmuir model calculated
for all species in the whole respective temperature ranges. As
for the saturation loading, quite narrow confidence intervals
are calculated for each component except H,, this being a
measure of the sensitivity of the obtained results to the initial
guess.

Concerning H,, relatively large confidence intervals are
found with respect to the other components also for the other
parameters, this generally indicating a higher calculation
uncertainty. This fact is associated to the weakness of the
hydrogen-zeolite physical bond, which makes the final param-
eter value strongly dependent on the initial guesses.

However, it must be also considered that the meaning of the
confidence interval in being a measure of the calculation
uncertainty looses its validity with the calculated optimal val-
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ues approaching to zero, because every interval value is infin-
itely larger with respect to zero independently of the interval
value. This means that in the Langmuir model there is no need
to include the functionality of the H, saturation loading with
temperature, which implies to set a priori the y value of H, to
Zero.

Concerning the values of the determination coefficient R*
for the Langmuir model, they are pretty satisfactory for all
species except for the hydrocarbons (C,Hg, C3Hg, and C4Hy),
which shows values below around 0.95. As for the Sips model,
R? is always higher than around 0.94. This fact, which basi-
cally depends on the higher number of parameters in the Sips
model, suggests that this model is able to describe the adsorp-
tion behavior of the considered hydrocarbons more than the
Langmuir one. As for the other species, it can be said that both
models can be satisfactorily used.

Another important aspect to be considered is that, for the
light gases but hydrogen and methane, the number of used lit-
erature references and the relatively high values of R? indicate
that the sensitivity of the adsorption properties to the zeolites
fabrication method is relatively small, contrarily to what is
found for the hydrocarbons, for which the fabrication method
seems to play a significant role.

As regards the temperature effect on saturation loading,
which directly depends on the empirical parameter y (Eq. 9),
an interesting results obtained from simulation is that the satu-
ration loadings of both H, and N, are forecast to be practically
independent of temperature. However, in the case of H,, the
saturation loading presents a confidence interval that makes
the calculation result pretty unreliable. Therefore, it is not pos-
sible to say that the H, saturation loading is independent of
temperature just from this calculation.

November 2015 Vol. 61, No. 11 AIChE Journal
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Figure 2. Calculated optimal values of the Sips model for the considered species.

Saturation loading C,, Sips affinity constant at infinite temperature b., s;,s, heat of adsorption Qqssips, €mpirical parameter yg,
empirical exponent n,, empirical parameter «. Whole temperature range (see Table 1). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

A proof of that is given by the regression results using the
Sips model (Figure 2), showing an optimal value for H, (1.80)
that is sensibly higher than zero with a corresponding confi-
dence interval being three times higher than the optimal value
itself (5.95) although much less than that obtained from the
Langmuir model. Differently, based on the results from the
Sips model, the N, saturation loading is confirmed to be prac-
tically independent of temperature.

As for the other species, Figure 2 shows that the values of
the saturation loading at the reference temperature (C,0)
obtained with the Sips model are practically the same as those
obtained with the Langmuir one, this implying that the values
can be considered highly reliable.

Concerning the relationship between heat of adsorption
(O ads,sips) and isosteric heat of adsorption (O sips) based on
the Sips model, the difference between the two quantities basi-
cally depends on just two parameters: o and 7y (Egs. 12 and
13), as the exponent n is a function of o and n, as well. The

AIChE Journal November 2015 Vol. 61, No. 11
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former quantifies the strength of the functionality of the lateral
interactions with temperature, whereas the latter represents the
“degree” of interaction among the adsorbed molecules. In the
case of both weak lateral interactions (7, close to the unity)
and weak functionality of the lateral interactions with temper-
ature (o close to zero), the Sips model approaches the Lang-
muir one and, thus, both models provide similar results.

This situation is depicted in Figure 3b, which shows a calcu-
lation example showing that the isosteric heat of adsorption
for CO, is practically independent of temperature and has a
similar behavior as the heat of adsorption, whereas the same
does not occur for C,Hg (Figure 3a). This is owing to the very
low value of parameter o (~0.1), which makes #n very close to
ngo (Eq. 8).

By looking at the values of 7, along with the corresponding
confidence intervals, it is possible to say that the light gases
(CH,4 included) are basically characterized by ng values pretty
close to the unity, with the exception of H,, for which,

DOI 10.1002/aic 3915
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however, the calculation uncertainty is relatively higher than
the others. This means that both Langmuir and Sips models
provide very similar results and, thus, the former is able to
describe the light gas behavior in the whole temperature range
(weak lateral interactions). As for o, its vicinity to zero (even
for N») confirm that, practically, the saturation loading of the
light gases considered does not depend on temperature.

Differently, considering the hydrocarbons (CH, excluded),
we can observe that the deviation from the Langmuir-type
behavior is appreciable (n, sensibly different from the unity),
this implying stronger lateral interactions. From a physical
point of view, this is convincing because the longer the hydro-
carbon chain, the stronger the molecule-molecule interactions,
but it is not possible to observe a clear trend, as the n-butane
shows a lower value of ng than propane.

However, it must be considered that the relative lower value
of R? and the relatively wide confidence intervals do not allow
to withdraw a clear conclusion about it. The same holds for
the parameter o. Therefore, in order to check this and other
possible peculiar trends, the whole temperature range was split
into two consecutive subranges, whose results are shown and
discussed in the next section.

Estimation of adsorption parameters:
Low- and high-temperature range

The temperature range is split into low and high tempera-
ture for all species but H, and CO, for which the low number

3916 DOI 10.1002/aic
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of available experimental isotherms is not sufficiently high to
justify the split.

As for the Langmuir model, the R? values relative to the
low-temperature range (Figure 4) are generally lower than
those of the whole temperature range (Figure 1), which in turn
is lower than the high-temperature one (Figure 5). At a first
reading, this could be a “strange” finding, as the number of
isotherms is less than before with the same number of parame-
ters (four). However, this can be well understood if consider-
ing that the Langmuir model works slightly worse at low
temperature for all the considered species, this effect being
magnified for hydrocarbons. This means that the low-
temperature  hydrocarbons-zeolite interactions are not
adequately described by the Langmuir model.

Analyzing the values of the single parameters, focusing on
the saturation loading, it is possible to observe that all the con-
sidered hydrocarbons (CH4 included) present values that
decrease with increasing molecular weight, this being in line
with the physical fact that the bigger the molecule, the smaller
the available maximum loading.

Differently, the isosteric heat of adsorption of these hydro-
carbons shows the opposite trend within all the temperature
ranges considered. This indicates that the molecule-zeolite
interactions become stronger for larger molecules, which is
convincing from a physical point of view.

As for the temperature dependency of the saturation load-
ing, given by the empirical parameter y, there is an appreciable
difference between low-, high-, and whole temperature range,

November 2015 Vol. 61, No. 11 AIChE Journal
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Table 1). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Calculated optimal values of the Sips model for the considered species.

Saturation loading C,, Sips affinity constant at infinite temperature b., s;,s, heat of adsorption Qq4ssips, €mpirical parameter yg,
empirical exponent ny, empirical parameter «. Low-temperature range (see Table 1). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

although the R” values are comparable. The fact that the val-
ues of the parameters indicating the zeolite-molecule and the
molecule-molecule interactions are lower at higher tempera-
tures is physically convincing, as a higher temperature makes
the adsorption strength weaker.

To choose the most convenient temperature range in the
case where similar R? value is found, the criterion of the nar-
rower confidence intervals can be used. Hence, based on this
criterion and on the results shown in Figures 1, 4, and 5, we
suggest that the readers use the values read from the results of
the whole temperature range. Saturation loading, heat of
adsorption, and the parameter y show similar trend for both
models (Figures 6 and 7).

Concerning the low-temperature range, it is possible to
observe higher R* values with respect to the values of the
Langmuir model, they being for some species even higher
than the values calculated from the whole temperature range.

As for the light gases (CHy, CO,, and N»,), the R? values are
basically pretty close to the unity and are almost the same in
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all the temperature ranges considered. This means that the
adsorption properties calculated from the whole temperature
range are sufficiently accurate to be used at both low and high
temperature.

Concerning the hydrocarbons (C,Hg, C3Hg, and C4H(), the
first two have almost the same R values in both the low-
temperature range and the whole temperature one (0.96 and
0.94), while those in the high-temperature range are higher
(0.98 and 0.96). This means that it is effective to split the
whole range into low- and high-temperature range.

As for C4H, the splitting convenience is even higher, as the
difference among the three temperature ranges is larger. Such a
convenience can be better understood if considering the previ-
ous discussion about the value of ny and o for hydrocarbons
(CH4 excluded). In fact, as for the ny, it is first confirmed that
the lateral interaction between the light gases (CH, included)
can be neglected in the adsorption process. Then, regarding the
hydrocarbons, in both temperature trends are observed ranges
for which 7, increases with increasing hydrocarbon chain
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Figure 7. Calculated optimal values of the Sips model for the considered species.

Saturation loading C,, Sips affinity constant at infinite temperature b g;,, heat of adsorption Q4 sips, €mpirical parameter y,
empirical exponent n,, empirical parameter «. High-temperature range (see Table 1). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

length, even though the uncertainty degree and the low determi-
nation coefficient of the propane calculation at low temperature
could make doubts arise on the result reliability.

Nevertheless, we are convinced that this result is more reli-
able than that obtained from considering the whole temperature
range, because the qualitative trend of ny observed in the low-
temperature range is also found in the high-temperature one
with even a higher degree of confidence. Furthermore, the fact
that the values of the parameters ny and o calculated in the
high-temperature range are significantly lower than those calcu-
lated in the low-temperature one has a precise physical mean-
ing, that is, the influence of the lateral interactions decreases
with increasing temperature (lower ng), decreasing as well the
functionality of the interactions with temperature (lower o).

Overall comparison with the literature

Before comparing the results arising from the two models, it
is necessary to specify the significance given in this article to
parity plots like Figures 8 and 9.
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In general, this type of figures is made to compare the results
of a model with those of experimental analysis. In doing that,
the more the obtained results are close to the 45° line, the better
the considered model reproduces the experimental behavior.

In this work, however, the parity plots in Figures 8 and 9
have to be read in a different way. In fact, in the hypothetical
limit case in which the literature data laid along the 45° line, it
would mean that our regression analysis provide the same
results as those of the literature and that all literature data
would be coherent to each other. In that case, our work would
simply indicate that the model considered is fully able to
reproduce the experimental behavior.

Conversely, if the results were far from the 45° line, it would
mean that the literature data are not fully coherent to each other
and that their global reconciliation is more difficult or, dually,
that the reconciliation error is relatively high. In that case, the
choice of the data suitable for regression would be crucial for
obtaining meaningful results, as not all data could be
reconciled.
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To this regard, in this work we chose to exclude those data
(i.e., isotherms) that are not coherent with the majority of the
available data using the criterion explained above at the end of
Introduction Section.

Moreover, the reconciliation presented in this article could
also represent a reference point providing a useful indication
for research groups fabricating zeolites, as they could relate
and compare the properties of their specific zeolites to the lit-
erature. This aspect is even more important if considering that
a number of researchers has been trying to improve the
adsorption properties and increase the selectivity of the origi-

Literature data, kJ mol!

Figure 9. Comparison between the Langmuir isosteric
heats of adsorption evaluated in this work
and some values from the literature for ()
H2!2o (O) CH4!20 (<>) 002!20 (A) CO,ZO (i\*?) N2!20
(>) C2He,° (#7) C3Hg,” (V) C4H10.2°
See Table 4 for a more complete comparison with the

literature data. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

nal zeolites by doping their structures with different type of
ions.

Concerning the obtained results, the evaluated saturation
loadings are coupled with some values from literature at dif-
ferent temperatures (Table 2 and Figure 8).

As partially shown in Table 2, the saturation loadings used
in the literature are quite different from each other,®-10:2022-25

Table 3 reports the behavior of saturation loading with tem-
perature for Langmuir and Sips models. As the magnitude of
empirical parameter y provides the temperature dependence of
the saturation loading, saturation loadings evaluated for CO,,
N, C,Hg, and C;Hg with the Langmuir model have stronger
temperature dependence than those evaluated with the Sips
one.

Table 2. Comparison Between Saturation Loadings Evaluated in This Work and Some from Literature

Langmuir Sips Cys Literature

Species C,s (mol kg™ h (mol kg1 C,s (mol kg™ Temperature (K) References
H, 1.96 0.71 (200 K) 5.4 200-290 20
CH, 2.51 2.46 3.30 295 22
2.50 2.45 2.44 296 24
2.45 2.39 2.24 303 6
2.45 (303 K) 2.39 (303 K) 2.69 303408 10
CO, 3.23 3.33 5.44 295 22
3.22 3.33 2.94 296 24
3.18 3.30 2.48 303 23
3.18 (303 K) 3.30 (303 K) 2.97 303408 10
CcO 2.27 2.26 1.35 296 24
N, 3.30 3.68 1.69 296 24
5.4 200-320 20
C,Hq 2.35 2.52 2.27 295 22
2.27 2.50 1.85 303 6
C3Hg 2.01 2.06 2.18 295 22
2.00 2.05 1.90 296 24
C4Ho 1.59 1.60 2.17 295 22
1.59 1.59 1.61 296 24
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Table 3. Saturation Loadings of the Langmuir and Sips
Models with Increasing Temperature

Langmuir C Sips Cs
Species Temperature (K) (mol kg™ (mol kg™ 1)
H, 303 1.96 0.38
323 1.96 0.34
373 1.96 0.25
CHy 303 2.45 2.39
323 2.30 2.21
373 1.98 1.82
CO, 303 3.18 3.30
323 3.06 3.24
373 2.78 3.08
CO 303 2.24 222
323 2.13 2.11
373 1.89 1.86
N, 303 3.29 3.68
323 3.28 3.68
373 3.24 3.68
C,Hg 303 227 2.50
323 2.07 243
373 1.65 2.28
C;Hg 303 1.92 1.99
323 1.73 1.83
373 1.31 1.48
C4Hjo 303 1.54 1.55
323 1.42 1.43
373 1.15 1.18

As for H, and CHy, the saturation loading of CH4 shows a
stronger temperature dependence than that of H,. Finally, in
the case of CO and n-C4H;(, the two models show the same
temperature dependence of saturation loading.

In Table 4 and Figure 9, the Langmuir and Sips isosteric
heat of adsorption of each component is compared with some
literature values. The only difference between the estimated
isosteric heats of adsorption and the literature data is in the
pre-exponential factor of Eq. 2.

For the comparison, the expression of the Langmuir isos-
teric heat of adsorption (Eq. 11) is averaged over appropriate
ranges of temperature and loading excluding the first term
(Eq. 14) for the reasons explained above

IR, T?

To(1-0) 14

leo,Lang = QAds,Lang +

The general average expression valid for both models over

appropriate ranges of temperature and fractional loading is the
following

1 1

Ty (0p
—J J Ors0dTd0 (15)
T,

O 1, =1,0,-0, ), )y,

Using Eq. 14 into Eq. 15, the following expression is
obtained for the average isosteric heat of adsorption

iR (T2 +T,T,+T7 -
A g( a b b)ln 1 0}7 (16)
3Ty 1-0,

QIsmLang = QAds«,Lang -

A temperature range of 250-500 K and saturation loading
between 0 and 0.9 were considered.

As can be observed in Figure 9, in this case, a very good
agreement between evaluated values and literature data is
obtained, this further confirming the validity of our approach.
For CHy4, CO,, C,Hg, and N, isosteric heat of adsorption is
also evaluated experimentally at different temperatures by
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Table 4. Langmuir Isosteric Heats of Adsorption Compared
with Some Values from Literature

Isosteric Heat of Adsorption (kJ mol ")

Species Present Work Literature References
H, 6.1 59 20
6.0 11
CH,4 23.4 23.3 10
18.6 11
22.6 20
21.1 (at 296 K) 15
CO, 25.4 25.0 10
24.1 11,20
27.7 (at 304 K) 15
CO 20.1 17.9 20
16.6 11
N, 14.0 13.8 20
15.1 11
17.7 (at 296 K) 15
C,Hg 38.0 30.4 20
31.8 (at 296 K) 15
C3Hg 42.1 38.2 20
C4Hjo 53.2 459 20

Dunne et al.'> The complete results obtained from this investi-
gation can be found in Supporting Information.

Conclusions

The adsorption properties of various gases (H,, CHy, CO,,
CO, N,, C,Hg, C3Hg, and C4H /() on silicalite were evaluated
in terms of both Langmuir and Sips model parameters.

The calculation performed by considering three temperature
ranges—namely low-, high-, and whole temperature range—
allowed a clear identification of the effect of temperature on
the model parameters, as well as the ranges where the two
models work better.

As main results, the functionality of the adsorption parame-
ters with temperature was achieved, this allowing a direct use
of the obtained data for design purposes. Furthermore, based
on the R? values, it was found that the Langmuir model works
satisfactorily well in the whole temperature range (no need to
split the calculation into different temperature ranges) for the
light gases considered (CH4 included) but not for the other
hydrocarbons (C,Hs, CsHg, and C4H,g), for which it was
found to be better to use the Sips model and split the tempera-
ture range using different adsorption parameters at low and
high temperature, respectively.

The saturation loadings of the light gases evaluated with the
Langmuir model in the whole temperature range were found
to be weakly dependent on temperature for all the considered
species, especially H,. A slightly different trend was observed
calculating the saturation loadings by the Sips model in the
three temperature ranges considered. In this case, there is no
clear tendency concerning the influence of temperature on the
light gases saturation loadings, whose values were suggested
to be read from low- and high-temperature range based on the
temperature of interest of the end-users.
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Notation
a = sticking coefficient
brang = Langmuir affinity constant, Pa'
bsips = Sips affinity constant, Pa !
bo = parameters in Eq. 4, K Pa™!
Do Lang = Langmuir affinity constant at infinite temperature, Pa—
bo,sips = Sips affinity constant, Pa~!
boo sips = Sips affinity constant at infinite temperature, Pa~
C, = molecular loading, mol kg!
C,s = saturation molecular loading, mol kg
C,s0 = saturation molecular loading at the reference temperature, mol
kg™!
kaoo = desorption rate constant at infinite temperature, mol s~ ' m ™2
M = molar mass, kg mol ™!
N = empirical exponent in the Sips model
no = empirical exponent in the Sips model at the reference
temperature
P = pressure, Pa
QOiso = isosteric heat of adsorption heat, J mol !
QOads = heat of adsorption heat, J mol !
gas constant, 8.314 J mol ' K!
temperature, K
Ty = reference temperature, K

1

1

1

Greek letters

o = empirical parameter in Eq. 8
y = empirical parameter in Eq. 9
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