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Statistical mechanical concepts were applied to analyze the temperature dependence of the isosteric heat of
adsorption and, consequently, the difference between the adsorbed and gas phase heat capacities for monatomic,
diatomic, and linear and nonlinear polyatomic molecules. Expressions were developed at the two extremes of
localized and mobile adsorption. Also, the effects of the molecular size and shape on the isosteric heats of
adsorption and the dependence on temperature were analyzed. The temperature dependence of the isosteric
heat of adsorption was always important, especially for localized adsorption, heavily adsorbed molecules, or
relatively low temperatures. At relatively high temperatures, the temperature dependence of the isosteric heat
of adsorption became linear with a fixed slope, regardless of the molecular size (for both localized and mobile
adsorption) and molecular shape (for mobile adsorption). Depending on the type of molecule and/or temperature,
the difference between the adsorbed and gas phase heat capacity could be either negative or positive; and in
some cases, significant deviations were exhibited mostly at industrially relevant conditions.

Introduction independence of the isosteric heat of adsorption also causes the
adsorbed phase heat capacity to be equal to the gas phase heat
capacity? This fact is disturbing because relatively weak
temperature dependencies of the isosteric heat of adsorption can
result in about a 20% difference between the adsorbed and gas
hase molar heat capacitiesvoreover, density functional
theory predictions of the isosteric heat of adsorpfaxhibit
weak temperature dependencies that are, in most cases, of the
same order as those predicted from correcting the Fewler
Guggenheim model to account for surface heterogeneity with
a uniform energy distributiof Although these results tend to
suggest that the temperature independent assumption is valid
and should give reasonable values for the isosteric heat of

Recent analyséshave shown that nonisothermal pressure
swing adsorption simulations can be very sensitive to variations
in thermodynamic properties such as the isosteric heat of
adsorption and the adsorbed phase heat capacity, which is relate
to the temperature dependency of the isosteric heat of adsorption
The isosteric heat of adsorption is typically estimated by
applying the ClausiusClapeyron equation to adsorption iso-
therm dat&* There are only two published approaches which
look for a possible dependency of the isosteric heat of adsorption
on temperature. The first and more conventional approach plots
the pressure logarithm versus the temperature reciprocal from

experimental adsorption equilibria. This approach always re- adsorption, it can lead to erroneously different values of the

sulted in linear plotS;* leading to the assumption of a negligible adsorbed phase heat capaitwhich in tum can impact

temperature dependency. However, recent studies, Wh'Ch.havesignificantly nonisothermal adsorption process simulatfons.
adopted the second approach of applying the Clausius

Clapeyron equation to various forms of adsorption isotherm Results from thelliteratL.Jre have shown that .the_temperature
models, have shown that altering the order of the temperaturedependence of the isosteric heat of adsorption is directly related
dependency of the parameters in these models to improve thei to the a;jsortéateadjorkt)entt mtgractl?rt]ﬁ an representﬁd_ by a
description of adsorption equilibria with temperatéré,or tlemperature-cependent extension or the owlenggenheim
extending these models to account for surface heterogéheity, |sptherm to acco.unt_for.adsorptlon on a heterogeneops surface
can indicate different degrees of temperature dependencies Ot ith a uPlforrg d|str(|jbut|9n offa};gsqrpm:n .enﬁrgi?s{a;rlat?le "
the isosteric heat of adsorption. Surprisingly, when plotting the hemperi':l urg epgn enC|$s tod € Isosteric ?afs of a sorphlon
adsorption equilibria in the Clausit€lapeyron form (pressure %Ve a sol een efmon_s rnajée dusm? concepts r_omdgas_bp ase
logarithm versus the temperature reciprocal), using statistically vibrational partition functions and surface energy site distribu-

optimized correlations that describe the experimental data veryt'ons'1 ? prever, these a'?a'yseS are limited to specific mddels
well and also indicate a noticeable temperature dependency of®" specific cages at _relat|vely high temperatd#é?.

the isosteric heat of adsorptidthe resulting relationships were Molecular simulations can also provide relatively accurate
highly linear, in agreement with the results obtained from the Predictions of the derived thermodynamic properties in dense
first more conventional approach. Also, multicomponent isos- Phases when an accurate description of the intermolecular
teric heats of adsorption can be temperature dependent, evefotentials is applied. Hard sphere and Lennard-Jones potentials
when the single-component isosteric heats of adsorption for with different proportions of interaction and repulsion terms are

some of the components in the mixture are%ibhe temperature  the most widely used potentialsHowever, molecular simula-
tions are necessarily applied to very specific and simple
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3590. Fax: (803) 777-8265. E-mail: ritter@engr.sc.edu. and idealized statistical mechanical approaches are more suitable
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for generalizing the roles of different parameters on the wheremis the mass of the moleculk,andk are Planck’s and
temperature dependence of the derived thermodynamic properBoltzmann’s constants, respectivelg(T) is the molecular
ties; and although they may not be as accurate as molecularpartition function of the adsorbed phase, a@f(T) is the
simulations in predicting these properties at specific adsorption partition function of the internal degrees of freedom (mainly,
conditions, statistical mechanical approaches definitely provide rotational and vibrational) for the component in the gas phase.
the correct trends and magnitudes for the ideal gas adsorptionA summary of the expressions fQZ,(T) and the correspond-
conditions, which are the focus of this study. Therefore, the ing gas phase heat capacities is given in the Appendix. Clearly,
objective of this work is to further apply the statistical by is temperature dependent, and its temperature dependency
thermodynamic approach to gain more insight into the temper- varies with variations in the conditions encountered in the
ature dependence of the isosteric heat of adsorption from theensemble of the adsorption system, as well as the assumptions
canonical partition function for the adsorbed and gas phasethat are used in evaluating the partition functions. Typicglly
ensemble. is obtained by applying the rigid rotator approximation and
Different simplifying assumptions and adsorption conditions harmonic oscillations, which leads'tg* 1

are evaluated with accordance to their impact on the temperature
dependence of the isosteric heat of adsorption and, consequently, a4 = Arane@nucvibOrot = $2eGranvinCrot )
the adsorbed phase heat capacity. Although real adsorption
systems rarely correspond to either simple localized or nonlo- where Gyans Gel, Onhuch Cvib, @nd gt are the translational,
calized (mobile) conditions, this analysis is carried out at these electronic, nuclear, vibrational, and rotational contributions of
two extreme limits to obtain clear insights into the corresponding the molecular partition function, respectively, aty, is the
boundaries of the temperature dependence of the isosteric heatlegeneracy for the lowest electron-level energy. These partition
of adsorption. For all cases, the effects of molecular size and functions can be expressed in different alternative forms,
shape are considered and new expressions are presented fatepending on the system and corresponding conditions and
predicting both the isosteric heat of adsorption and adsorbedassumption® Also, some of these partition functions can
phase heat capacity, on the basis of different statistical me-overcome the others depending on the degree of the adsorbed
chanical models of the adsorbed and gas phase ensemble. phase mobility as shown later in the discussion.

The isosteric heat of adsorption can be obtained from the

Theory Clausius-Clapeyron equation:

The statistical mechanical adsorption isotherm is usually 91 P
obtained by deriving an expression for the chemical potential U= RTZ( n ) (6)
of the adsorbed phase and equating it to the gas phase chemical aT Je

potential at the same conditioks!3 15 Applying this approach o ) _ _
to localized adsorption results in the popular Langmuir isotherm Substituting eq 1 or 2 and eq 3 into eq 6 gives the following

model1314which is given by expression for the isosteric heat of adsorption:

__b(mP _ 0 _ (a In bo(n)

=1+ ()P or b(MP=1"7 1) Oy =€ — Zwh — RT ), 7)
where 6 is the fractional surface coverage (N/M), P is the The difference between the differential adsorbed phase and

pressure] is the temperaturéyl is the number of adsorption  molar gas phase heat capacities is obtained from the temperature
sites, andN is the number of adsorbed molecules. The dependence of the isosteric heat of adsorgtimn

corresponding expression for nonlocalized (mobile) adsorption

is derived using a two-dimensional fluid equation of state and _ _ 5 904

is generally given bl?15 ACp,=Cp, — Cp,= —|-= , 8)

aT
_ 0 0 . :
b(MP = 10 exr{l — 0) (2) which, when applied to eq 7, becomes
whereb(T) is the Henry’s law constant and is given in both ACp, =
cases by alnb alnb 2 &b,
. 2[_0(17 _T[ o(T)] LT 0]
aT oT lo by(M| o712 Jo

€
b(T) = by(T) extfir] (3a)
Therefore, according to eqs 7 and 9, the temperature dependence
wheree refers to the potential energy minimum of an adsorbed of the isosteric heat of adsorption, its deviation from the average

molecule andR is the universal gas constant. Heb¢T) can adsorption energye(— zw#), and the difference between the
also be extended in both cases with Brayilliams-type differential adsorbed phase and molar gas phase heat capacities
approximations to account for lateral interactions as all depend highly on the temperature dependenda,.ofs by
200 reflects mainly the adsorbat@dsorbent interactions as shown
b(T) = by(T) ex ﬂ) (3b) in eq 4, this result agrees with the classical thermodynamic
RT approactf, which shows that the temperature dependence

appears mainly as a result of interactions between the adsorbate
and adsorbent as represented by the surface heterogeneity
parameter. However, in that cdsbe heterogeneity parameter
h3 (M was the only parameter reflecting this type of interaction.

7 g 4) Simple formulas for the temperature dependenckydfave
K T(2mieT)™ Qp(T) been considered in the literature by considering the high

wherezis a fixed numberg is the nearest-neighbor interaction
energy, andy is given by

b(T) =
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temperature approximation on the vibrational contribution from directions, eq 5 simplifies to
the adsorbed phase in both locali¥ednd nonlocalize®

adsorption. The results from these studies show that the isosteric (= Qe,qsib (11)
heat of adsorption for a monatomic ideal gas adsorbed at
relatively high temperatures is obtained from which leads to
3
Oy =€ & 1,RT (10) Dol (12)

by = mzﬂ—quib
for the Langmuir isotherm. The negative and positive signs
correspond to localizéland nonlocalized adsorptidfrespec-
tively. Equation 10 giveaACp, = FR/2, with the opposite sign
from eq 10. Therefore, nonlocalized adsorption and the high
temperature approximation of the adsorbed phase vibrational
partition functiod estimate the differential adsorbed phase heat
capacity to be below the molar gas phase heat capacity (negativ
ACpa), which indicates extremely weak adsorption conditions;
however, localized adsorptidhresults in a positive\Cpa. exp(1/z,)

This brief analysis shows that different treatments of the Qin(t)=——77— (13)
adsorption ensemble at different conditions can result in exp(lf,) — 1
remarkably different temperature dependencies of the isosteric | . .
heats of adsorption. Clearly, in addition to the effect of the high which, at a very higfr,, reduces to
temperature approximation, the nature of the adsorbed phase G(T) =17 (14)
and its relative mobility on the surface of the adsorbent have a VibA v v
remarkable effect on the sign and magnitude of the temperatureSubstituting eqs 11 to 13 in eq 7 gives
dependency of the isosteric heat of adsorption and the deviation
between the differential adsorbed phase and molar gas phase -5
heat capacities. Therefore, different statistical mechanical models Jq=¢€—zwf — R > +
of the adsorbed gas phase ensemble, along with different
parameters and conditions, are analyzed below to determine eac
of their impacts on the isosteric heat of adsorption and
corresponding adsorbed phase heat capacity.

To obtain the proper form ddyi,, the dimensionless adsorbed
phase vibrational temperaturgs, is introduced here as the ratio

of the temperature of the system to the adsorbed phase vibration
frequency temperature, oys = T/®s, where®,s = hv,dk and

ws IS the frequency of vibration. Generally, the vibrational
eoartition function at such a vibration frequency temperature,
Ty, iS given explicitly by

3exp(lt,) + 1
27,s[exp(1f,9 — 1]

(15)

Ovhich, with the high adsorbed phase vibrational temperature
(Tvs) approximation, reduces to

Oy=¢€ — zwf — RT/2 (16)
Results and Discussion
o ) ) Equations 15 and 16 provide analytic expressions for the
The contribution ofty in the predicted temperature depen- jsosteric heat of monatomic localized adsorption as a function
dence of the isosteric heat of adsorption &®@p, results from ot temperature and the frequency of vibration in the adsorbed
its own temperature dependency, regardless of the temperature’%hase_ Substituting these expressions into eq 8 leads to the

linear multipliers, as demonstrated below. Therefore, the parti- fo|lowing explicit expressions foACpa at low and highrys,
tion functions in egs 2 and 5 are subjected to different conditions yegpectively:

and scenarios to illustrate their roles on the temperature

dependence dfip and, hence, the isosteric heat of adsorption _ - 3 exp(lt,)
- ! . . ) _ 5 v
andACp,. The analysis covers monatomic, diatomic, and linear ACp,=R—+—; 5 17)
and spherical-top nonlinear polyatomic adsorbate molecules in Tys [eXp(lfr,g) — 1]
equilibrium with an ideal gas phase, which is assumed to exhibit _ .
separable Hamiltonians and negligible intramolecular interac- ACp,=+R2  athighr, (18)

tions16 Each of these cases is evaluated at the extreme conditions ith 1 d1 isfving th ious| blished reatil
of localized (immobile) and nonlocalized (mobile) adsorption. with egs 16 and 18 satisfying the previously published restilts.

The effect of temperature in different scenarios is also analyzed. In the other extreme I|m|t of a nonlocalized (mok_)lle) adsorbed
Isosteric Heat of Adsorption and Adsorbed Phase Heat phase, only one translational degree of freedom in the adsorbed
. orp . : o phase changes into a vibrational degree of freedom normal to
Capacity of a Monatomic Molecule.In this case, in addition

to the absence of internal degrees of freedom in the gas phas the plaqe of the gdsorbent'surface, Ieaying a two-.dimen'sional
(see Appendix Al), the rotational contribution in the adsorbed ‘?r_anslfatlonal partition fun_ct|or_1, along with a one-dimensional

) e -~ vibrational partition function, in eq 2. Therefore, eq 5 reduces
phase is negligible. Therefore, the only factors are the relative in this case to
contributions from the vibrational and translational partition

functions in the adsorbed phase, as shown in eq 2. These factors 3 2
change with the relative mobility of the adsorbed phase on the by(T) = ;'q(ZD) = Lq - (19)
surface of the adsorbent. 0 /<T(2yrmfc'l')3’2 ranchio KTV 2amk T Ve

In the extreme limit of a localized (immobile) adsorbed phase,
all of the translational degrees of freedom change into vibrational
degrees of freedort. Therefore, for an adsorbed monatomic
molecule, there are only three vibrational degrees of freedom
in the adsorbed molecule, one normal and two parallel to the

: -3 exp(lk,) + 1
plane of the adsorbent surfatieAs a result of this phenomenon, Oy =€ — zwf — RT[—=-+ (20)
and assuming almost equal frequencies of vibration in the three 2 2t,4[exp(lh,g — 1]

wherea? is the unit area for the 2-dimensional adsorbed phase
translational partition function angl, is treated as before (see
egs 13 and 14). Substituting eq 19 into eq 7 gives
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which, with the highz,s approximation, reduces to 20

T T T T T =TT T

(@) Monatomic

Oy = € — zwf + RT2 (21) I Molecules |

Substituting these expressions into eq 8 gives the following
explicit expressions foACp, at low and highr,s, respectively:

_ _ exp(1f,
ACp, =R+ — G .
Tys [exp(l"rvs) - 1]

100 ACp_/ Cpg (%)

ACp,=—R/2  athighr,, (23)

‘r‘l:

Equations 21 and 23 satisfy the results obtained indirectly by

Adamsont® The difference in signs between egs 18 and 23

shows the role of the adsorbed phase when it is localized or - -25; - ’2{ A

mobile at high adsorbed phase vibrational temperatures. -100 L L 2P 2
Figure 1 shows the effect afs on the relative error included 2

in the assumption of equal differential adsorbed and molar gas (b)

phase heat capacitieg)( the absolute deviation between the L—— Localized adsorption J
n

T T T IERRRR T T T

differential adsorbed and molar gas phase heat capacities, and r — - Non-localized adsorptior
the relative magnitude of the temperature dependency of the
isosteric heat of adsorption in terms T, for both localized
and mobile adsorption. Figure 1a shows that, relative to the
monatomic ideal gas phase heat capacity, ahe2@% error
can result from assuming equal adsorbed and gas phase heat
capacities at highy, which is the expected condition of most
industrial applications. If lower temperatures or stronger adsorp-
tion bonds are encountered, the absolute magnitude of this error
can be as high as 60% for nonlocalized adsorption or 100% for
localized adsorption. Also, except for localized adsorption at
high 7,5, the monatomic adsorbed phase heat capacity is less
than the molar gas phase heat capacity, as also shown in Figure 2 3 4 5
1b. Nonlocalized adsorption exhibits a higher heat capacity than 4 Y S T R R
localized adsorption at low;,s. However, these two curves cross 10
each other at,s = 0.35 with ACp, = —R for each, and the ()
trend inverts at highet,s exhibiting a higher adsorbed phase i
heat capacity for localized adsorption. This point of intersection
shows that an intermediate value @f exists where the two
vibrational degrees of freedom parallel to the surface of the
adsorbent become equivalent to the two-dimensional transla-
tional degree of freedom, resulting in equal effects of localized
and nonlocalized adsorption on the related thermodynamic
properties. The difference between the localized differential
adsorbed and molar gas phase heat capacities diminishgs at
= 0.7; then it begins to deviate again, but in the positive
direction, until it reaches a fixed value &éfR/2 at relatively
high temperatures. The corresponding trend for nonlocalized
adsorption always stays negative and becomes increasingly
closer to the gas phase heat capacity with increasjgantil
ACp, reaches a fixed value ofR/2. -50 . T B
Figure 1c shows that the temperature dependent monatomic 0.01 0.1 1 10
isosteric heat of adsorption always causes a negative deviation
from the.mllnlmqm adsorption potentlgl energy,at I.OW Tvs. Figure 1. Effect of monatomic adsorbed phase vibrational temperature
This dev'?‘t'on disappears for nonlqcallzed adsorptl.orl.,aié on the (a) percent error of assuming equal adsorbed and gas phase heat
0.4, and increases thereafter until it reaches the hjglimit capacities, (b) predicted deviation of the differential adsorbed phase
of +RT/2. Since room temperature is expected to be much heat capacity from the molar gas phase heat capacity, and (c) magnitude
higher than®,, especially for weak adsorptidﬁ,high values of the temperature dependent term of the isosteric heat of adsorption.
of 7y are expected. So clearly the temperature dependence offhe inserts indicate the expected conditions for industrial adsorption
the isosteric heat of adsorption tends to increase the isostericPf0¢€SSes:
heat of adsorption when increasing except for localized depends only on the vibration frequency in the adsorbed phase;
adsorption at relatively highys, where it starts to decrease a completely different behavior is realized when the vibration
slightly with increasingrys, as indicated by the change in sign in the gas phase dominates, as demonstrated in the following
of the corresponding\Cp.. It is noteworthy that this behavior ~ section.

=4

1
N

differential ACp_ /R

T T T T T T T T

St

(q..- &+ zoB)/RT

T vs
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Isosteric Heat of Adsorption and Adsorbed Phase Heat approximation for both the adsorbed phase vibrational and
Capacity of a Diatomic Molecule.In this case, the internal  rotational partition functions gives similar, linear temperature
degrees of freedom of the gas phase contribute to the value ofdependencies; thus, the resulting expressions for the isosteric
bo. In contrast to the rotational frequency temperature, the heat of adsorption are unaffected by distinguishing between
vibrational frequency temperature in the gas phasg, can these two types of degrees of freedom. After substituting the
normally be several hundreds or even thousands of degreesesulting two-dimensional translational partition function, along
Kelvin for diatomic and polyatomic moleculé%Therefore, the with the remaining vibrational and rotational degrees of freedom,

high gas phase vibrational temperatungq (= T/®.g) ap- into eq 4,by becomes
proximation can be highly misleading unless the system is really
considered at extremely high temperatures. The adsorbed phase hazd>rgx/'l_' exp(1k,q) — 1
frequency of vibration is also expected to be orders-of- by = 5 3| exp(Uz,) (29)
magnitude less than the gas phase frequency of vibration and, D D,V 27 Pl
as mentioned previously, room temperature. Therefore, the
adsorbed phase vibrational partition function is estimated from or with the highz,q approximation
the highzs approximation, i.e., from eq 14. )
As with the monatomic molecule case, when the extreme b — ha D, Dy,
condition of localized (immobile) adsorption is considered, all U 2 \/731_ (30)
of the degrees of freedom in the adsorbed phase change into D@DV 2K

vibrational degrees of freedom. Therefore, with the high

approximation for the resulting six vibrational degrees o

freedom in the adsorbed phase and with the partition function

for the internal degrees of freedom of a diatomic gas molecule 1 exp(l/rvg) +1
0y=€—zwf — R

¢ Substituting eq 29 into eq 7 gives the following expression for
the diatomic nonlocalized isosteric heat of adsorption:

(see Appendix A2)bg is given by =— (32)
2 2, [exp(lk,y) — 1]

612 —
by = N (exp(l/rvg) 1) (24) with the corresponding high,q approximation given by
87°dL %\ exp(l/z,y)

Oy =€ — Zzwl + RT/2 (32)

which reduces to _ o _
Equations 21 and 32 indicate that when nonlocalized adsorp-

Hop2 2 T° tion is consid_er_ed at _r_elatively hig_h temperatures, the siz_e of

b=, — s (25) the molecule is insignificant to the isosteric heat of adsorption.

8D L2m On the other hand, the isosteric heat of localized diatomic gas
adsorption at relatively high temperatures shows a considerable

upon applying the high.g approximation. Substituting eq 24  difference from, at least, the isosteric heat of monatomic gas
into eq 7 gives the following expression for the localized, adsorption. These contradicting behaviors at high temperatures

diatomic, isosteric heat of adsorption: are due to the fact that the adsorbed phase in nonlocalized
adsorption now has equivalent rotational and vibrational degrees

5 exp(lt,y + 1 of freedom to substitute for those introduced from the gas phase.
Oy =€ — w6 = RT{5 — 2t, Jexp(lf,,) — 1] (26) Therefore, as they all have the same temperature dependence

v v at high temperatures and the isosteric heat of adsorption is

or whenzyg > 1 unaffected by distinguishing between these degrees of freedom
when they all have the same linear temperature dependence,

Oy =€ — Zzw6 — 3RT/2 27) the isosteric heat of nonlocalized adsorption at high temperatures

becomes the same, but only because it is estimated in reference
The absolute deviation from the minimum potential energy of to the gas-phase enthalpy. Nevertheless, the enthalpy of both
adsorption at the high temperature limit has increased by athe gas and adsorbed phases would change in equal magnitudes
magnitude oRT, compared to that of the monatomic gas. This upon changing the size of the molecule, thereby keeping the
higher temperature dependence of the isosteric heat of adsorptiomifference fixed between the enthalpies of both phases. Sub-
is due to the effects of the internal degrees of freedom in the stituting eq 31 in eq 8 gives the following expression A&Lp,
gas phase on the temperature dependend®.dbubstituting for diatomic nonlocalized adsorption:
eq 26 into eq 8 gives the following expression EpP,:

. 1 exp(1t,g)
_ exp(1k ACp, =R — (33)
ACp,=R S 5 L) 5 (28) 2 7 lexp(lk,y) — 11
2 gy lexp(lh,g) — 1]
which, at highzg, reduces to-R/2.
which reduces ta-3R/2 upon applying the higl,g approxima- Figure 2 shows the effect af4 on the relative errori) of
tion. assuming equal adsorbed and gas phase heat capacities, the

At the other extreme of nonlocalized (mobile) adsorption, magnitude of the deviation between the differential adsorbed
only one translational degree of freedom in the adsorbed phaseand molar gas phase heat capacities, and the magnitude of the
changes into a vibrational degree of freedom. Although some temperature dependent part of the isosteric heat of adsorption,
rotational degrees of freedom may change upon adsorption toall for diatomic molecules with the high temperature approxima-
an intermediate form between vibration and rotation, they are tions applied to the adsorbed phase vibrational partition function
assumed here to be unchanged. Nevertheless, a comparisoand also the rotational partition functions in both phases. Figure
between eqs 14 and A3 shows that the high temperature2a shows that the deviation between the differential adsorbed
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80 B e be in the approximate range of 14 to 71% for nonlocalized to
r . . localized adsorption, respectively. This shows the increasing
Diatomic importance of the temperature dependence of the isosteric heat
Molecules of adsorption when increasing the size of the molecule, in
comparison to the errors presented in Figure la. At high
the error decreases t611% for nonlocalized adsorption and
33% for localized adsorption, indicating the importance of the
- temperature dependence for diatomic gas adsorption, even at
high temperatures, and especially if relatively strong interactions
between the adsorbent and adsorbate (resulting in localized
-250 02 04 adsorption) are expected. In nonlocalized adsorption, however,
n reaches zero aty = 0.3 and deviates after that from the gas
- \ . phase heat capacity, but in the negative direction. The same
behavior is also shown in Figure 2b with respecAtop,. This
““““““““ 00T T T phenomenon (the cancellation of the temperature dependence
S of the isosteric heat of adsorption as a result of certain adsorption
conditions) has been observed elsewhamd was related to
-20 e the ratio between different interactions. Moreover, Figure 2b
3 T shows that for nonlocalized adsorption of a diatomic molecule
(b) at low 7yg, ACpa can be as high asR/2 and decreases with
L _ temperature until it reachesR/2; the same trend oACp,
decreasing with increasingy can also be noticed for localized
_| adsorption. Comparing this to the; effect in Figure 1b shows
that an increase in the vibration frequency in the gas phase or
a decrease in temperature (both resulting in a decreasg)in
has a positive effect oACp,; while an increase in the vibration
frequency in the adsorbed phase, increasing the adsorbed bond
strength or sharply decreasing the temperature (all resulting in
a decrease ins), causes a negative effect &Cp,. This shows
h how the internal degrees of freedom of the molecules in the
gas and adsorbed phases play different roles on the thermody-
_______________ - 7] namic derived properties. However, the vibration frequency in
~ the gas phase is normally more dominant than that in the
adsorbed phase; and, hensg,can be considered as the limiting
factor when di- or polyatomic molecules are considered.

Figure 2c shows that the temperature dependent part of the
(T T T T isosteric heat of adsorption can reach more t#dBsRT when
| ' Localized adsorption W i low 7,4 conditions are exhibited. However, it drops relatively

) . fast withz,g increasing and equals zero for localized adsorption
15 \ L_ - - Non-localized adsorption attyg = 0.15, changing from a positive to a negative deviation
' 20 : 1 from €. On the other hand, nonlocalized adsorption always
I \ 15 | exhibits positive deviations from at all 7,g. Moreover, the
0 temperature dependent term of the isosteric heat of nonlocalized
adsorption tends to invert at high temperatures, switching from
- a decreasing to an increasing functionzgf, as indicated by
the changing sign aACp, in Figure 2b. Therefore, no general
rule can be formulated regarding the temperature dependence
J of the isosteric heat of adsorption. In most of the cases, however,
the isosteric heat of adsorption decreases with an increase in
L e et temperature (or alternatively,g). However, if high mobility
of the adsorbed phase is exhibited at higf) the isosteric heat
of adsorption can increase slightly with increasing temperature.

-5 ST Y] B Isosteric Heat of Adsorption and Adsorbed Phase Heat
0.01 0.1 _ 1 10 Capacity of Linear and Spherical-Top Nonlinear Polyatomic

Tyg T/(Dvg Molecules. Polyatomic molecules exhibit different internal
] ) ) o degrees of freedom for different molecular sizes and shapes.
Figure 2. Effect of diatomic gas phase vibrational temperature on the inear and nonlinear molecules, for example, exhibit two and

(a) percent error of assuming equal adsorbed and gas phase he tati ld f freed tively. M th
capacities, (b) predicted deviation of the differential adsorbed phase €€ rotationai degrees ot ireedom, respectively. Vioreover, the

heat capacity from the molar gas phase heat capacity, and (c) magnitudé€Xpressions for the rotational and vibrational partition functions

of the temperature dependent term of the isosteric heat of adsorption.are different for different shapes and sizes of polyatomic

The inserts indicate the expected conditions for industrial adsorption molecules as shown in Appendix A3.

processes. In the extreme condition of localized adsorption, all degrees
and molar gas phase (see Appendix A2) heat capacities at lowof freedom change to an adsorbed phase vibrational partition
7vg (Which are expected in typical industrial applications) can function which, with the high temperature approximation, is

2

2
:

/Cp, (%)

100 Acp,

1’]:
P

N
I
w

differential ACp_/R
/

<
7z

| T B S

20

(q,-&+ z(oe)/RT
?
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given by eq 14 raised to the power qf @hereu is the number difference between eqs 38 and 40) is given by
of atoms in the molecule. With these considerations and with

the appropriate partition function for the internal degrees of inear  _nonlinear —RT
freedom in the gas phase (see Appendix A3), the resuligng Gst  — Ut =7 -
for a linear polyatomic molecule is given by

exp(lt,y) +1
Tyvg [exp(lhvg) - l]

(42)

which approaches whenz,g — 0 and+RT/2 whenz,g — .
Therefore, the molecular shape effect on the isosteric heat of
localized adsorption makes the isosteric heat of adsorption of
linear molecules always higher than that of nonlinear molecules.
Equation 42 also shows this to be the case atdgywhich is
the typically expected condition and usually reflected in either
H (Bu—5)7312 low-to-moderate temperatures or high frequencies of vibration
b. = o' @ Pyg T (35) for the n_"lol_ecule in the_ gas phase_. _ _

0 D38 Subst_ltutlng eq 40 into eq 8 gives t_he following analytic

vs expression folACp, of a linear polyatomic molecule:

oh*®, 7752 [exp(1k,.) — 1)@«
_ 9 p(1k,g) (33)

<I>\3fs‘ /83 exp(1/Z,

vo)
which, with the high temperature approximation, reduces to

and for a spherical-top nonlinear molecule, it is given by 7 (3u—5)exp(lt,)
vg

ACp, = R(3ﬂ 2 2 [exp(ih,y) — 1]2) )

- ohsde‘éz'l'(?"“_A) (exp(l/rvg) — 1)(3/16) 36)

o =

ﬂz‘I’s’éV 8mk® exp(l/erg) which, upon the high temperature approximation, reduces to
+3R/2. The corresponding.Cp; for a spherical-top nonlinear

which, with the high temperature approximation, also reduces molecule is obtained by substituting eq 42 into eq 8, which gives

to
. (Bu —6) exp(ltvg)
5, [exp(lhr,g) — 1]2) “

_ Ohsq)?éz(b\(lséufe)-rz ACp, = R(S,u —4

oI 8m®

The isosteric heat of adsorption for a linear polyatomic molecule
is obtained from substituting eq 34 into eq 7, which gives

(37)

which, with the high temperature approximation, reduces to
+2R. The difference between the differential heat capacities of
linear and nonlinear polyatomic molecules is, therefore, given
by

qstZE_Zwe_

mila, 73— s(exp(Lt,,) + 1
M2 T2n, \exp(h,) — 1

Cpgnear _ (—:pgonlinear: R(l —

exp(lk,) ) us)

(38) 1oy [exp(lf,g) — 17

which, with the high temperature approximation, reduces to Which approachestR/2 and —R/2 at the low and high
temperature limits, respectively, and equals zerag@i 0.33.

0y = € — zw0 — 3RT2 (39) It is clear from egs 50 and 53 that the shape effect of the
polyatomic molecules is related only to the gas phase vibrational
temperaturer,g, regardless of the size of the molecule.

At the other extreme of mobile (nonlocalized) adsorption, it
is assumed that there are still two and three rotational degrees
of freedom in the adsorbed phase for linear and nonlinear
molecules, respectively, and that one translational degree of
(40) freedom is changed into a vibrational degree of freedom normal

to the plane of the adsorbent surface. This leavesbrational

degrees of freedom, wheeé equals (& — 4) or (3« — 5) for
which, with the high temperature approximation, also reduces the adsorbed linear and nonlinear molecules, respectively. As
to explained before, distinguishing between the vibrational and
rotational degrees of freedom in the adsorbed phase is unim-
Oy =€ — Zw0 — 2RT (41) portant for the purpose of this study, as long as they are all
estimated from the high temperature approximation. Therefore,

The equivalence of eqs 27 and 39, but not eq 41, indicatesthe rotational partition functions are still estimated from eqs

that the high temperature limit of the isosteric heat of adsorption A6 and A.7 fo_r linear a.n.d nonlmgar .molecules, respectlvely_,
depends on the molecular shape rather than size. Therefore, thémd the vibrational partition function in the adsorbed phase is
difference that was previously noticed between the monatomic c@lculated from eq 14 raised to the powerndf As a result of
and diatomic molecules is a result of their different shapes rather eSe considerationkss for a linear polyatomic molecule is given
than their different sizes. Moreover, eqs 39 and 41 are

independent of, which proves the independence of the isosteric

heat of adsorption on the size of the molecule in the high ohd® T2 fexp(1k,y) — 1)@
temperature limit. The difference between the isosteric heats by = (Gu—4) s\ exp(l/zZ,,) (46)
of adsorption of linear and nonlinear molecules (i.e., the g 27k ve

and for a spherical-top nonlinear molecule, substituting eq 36
into eq 7 gives
Oy =¢€— Zwl —

- 6(exp(lh,) + 1
21,4 \exp(l/rvg) -1
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which, with the highr,q approximation, gives

_ ohde, @

=
®, O 27ame®T

and the correspondinig, for a nonlinear polyatomic molecule
is given by

(47)

azq)rséz-l-(swmlz) EXp(l/E\,g) — 1\@u—6)

exp(1/z,,)

(48)

@ @l

O, 213D
which also reduces to

cha?®3? 9
b, = L (49)

OB, [2rmccDET
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independent of the molecular size ang, The localized
differential adsorbed phase heat capacity is alwd/$-2RT,

for gs) and V2 (—5RT/2, for g¢) higher than that of the
nonlocalized adsorption for linear and nonlinear molecules,
respectively. The fixed deviation in the case of polyatomic linear
molecules also applies to the diatomic molecules atgllThis
difference reflects the ideal energy barrier between localized
and nonlocalized adsorption. The shape effect, however, depends
ontyg for each kind of adsorption. Nevertheless, comparing the
shape effects between each of the localized and nonlocalized
adsorption cases, eqs 42 and 45 are alwag/2 and—R/2,
respectively, higher than the corresponding equations for
nonlocalized adsorption. This is considered as the fixed shape
effect contribution of linear and spherical-top nonlinear mol-
ecules to the energy barrier between localized and nonlocalized
adsorption. Although the shape effect in each kind of adsorption
depends omyg, as shown in eqs 42 and 45, its contribution to
the energy barrier between localized and nonlocalized adsorption

with the highz,q approximation. Although eqs 47 and 49 are is fixed, regardless of or g

different functions, they have the same temperature dependence, Figure 3 shows the molecular size and shape effects on the
thus they are expected to exhibit the same isosteric heat ofrelative error resulting from the assumption of equal adsorbed
adsorption and\Cp,. Substituting eq 46 into eq 7 gives the and gas phase heat capacities for both localized and nonlocalized
following expression for the isosteric heat of nonlocalized adsorption. Figure 3a shows that for the special casg o
adsorption of a linear polyatomic molecule 1, which normally corresponds to very high temperatures,
slowly approaches 0% when increasind his is only a relative
effect becaus€py increases successively with reflecting a
relative decrease im. Even with this effecty in the approximate
range of—2 to +7% for nonlocalized to localized adsorption,
respectively, can be expected with relatively large molecules.
and substituting eq 48 into eq 7 gives the following expression Moreover, considering low-to-moderate temperatures can sig-

for the isosteric heat of nonlocalized adsorption of a nonlinear Nificantly increase these errors, as demonstrated before. As
molecule supporting evidence of this behavior, Figure 3b shows that for

low 7vg, Which is the expected casg always increases with

for different molecular shapes and types of adsorption, as
indicated by the positive sign of its slope. However, a slight
decrease off might be expected for localized adsorption when

u increases atyg > 0.5. NeverthelessA(_Zpa always increases
hen increasing:, as shown by the positive slope in Figure

a. This slope is independent of both molecular shape and degree

Q=€ — Zw0 —

arla, 13- 5(exp(Lt,,) + 1
T2 2n, \exp(lhy — 1

(50)

qStZG—ZLUG—

RT3, - 13 3u-— G{exp(lfrvg) +1
T2 21,4 \exp(l/rvg) -1

(51)

As expected, because of the equal temperature dependence o
bo with the high temperature approximation, eqs 50 and 51 both o . e o .
reduce to eq 32 at the high temperature limit. This result proves Zfi!:;alIjgl%nc')lzgslrae:z;tg%r;f;Si?sgﬁp: V\gg?elrr;g:gﬁig]?rom
the previous conclusion that the high temperature limit of the ‘an o?her factors. and. from the definiti)gn #Cp.. the
isosteric heat of nonlocalized adsorption is independent of the y ’ ’ - . Pa .
temperature dependence of the isosteric heat of adsorption

molecular size. Moreover, it also provides an additional conclu- becomes higher when increasiaaThis latter result aarees with
sion that, unlike the case of localized adsorption, it is also the recent Iigtjeratuff'eﬂ which sh”gevs an increase in t%\e temper-
independent of the molecular shape, ature dependence for more heavily adsorbed species Hosvever
Substituting egs 50 and 51 into eq 8 gives the following he si P ff MAC I yac v th P ) ’
expressions forACp, for linear and nonlinear nonlocalized the size effect on Cpa or, alternatively, the temperature
adsorbed molecules, respectively: _depend_ence of the_lsosterlc heat of adsorption, diminishes when
increasingryg until it reaches almost zero afy = 5.

_ (Bu — 5) exp(1t,,) Figure 4b shows the shape effect on the adsorbed phase heat
_ 11 U vg
ACp,=R{3u — o2 1) — 1P (52) capacity as a function of the gas phase vibrational temperature,
Tug [exp( vg) ] 7yg. Clearly, when nonlocalized adsorption is considered, there
-6 1# is no equivalence point between the adsorbed phase heat
Aép =R|3u — 13 _ (3u ) exp( Vg) (53) capacity of linear and nonlinear molecules except at extremely
a 2 T\Z/g [exp(1t, ;) — 1]2 high 7.4 Therefore, at low-to-moderatey and nonlocalized

adsorption, linear molecules always exhibit higher adsorbed
Equations 52 and 53 both reduce &Cp, = —R/2 upon phase heat capacities. In localized adsorption, however, the
applying the highr,q approximation, which also agrees with adsorbed phase heat capacity for linear molecules is higher than
the high temperature isosteric heat of adsorption being inde- that for nonlinear molecules faxy < 0.3 and lower forr,g >
pendent of both molecular shape and size when nonlocalized0.3. Nevertheless, the shape effects on the adsorbed phase heat
adsorption is exhibited. Also, it is clear by comparing eqs 52 capacity in both localized and nonlocalized adsorption are
and 53 to eqs 43 and 44, respectively, that localized and always parallel, with a fixed spacing Bf2, which is considered
nonlocalized isosteric heats of adsorption and adsorbed phases the shape effect contribution to the energy barrier between
heat capacities for the same molecular shape both becomdocalized and nonlocalized adsorption, as explained before.
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Figure 3. Effect of polyatomic molecule size on the (a) percent error

of assuming equal adsorbed and gas phase heat capacities at a ve

high temperature and (b) rate of change in this error at lower (more
typical) temperatures and a triatomic molecule. Relative,$ou has
only a minor effect on gl/du.

Figure 5 shows the predicted values mpf ACp, and the
temperature dependent part@f respectively, as functions of
w andryg. As expected, Figure 5a shows thyadlways increases
when increasing at low-to-moderate, g, however, at highg,
ACp, becomes independent@fvhile Cpg continues to increase
slowly when increasing.. This causes a slight decreasesof
when increasing: at relatively high temperatures as shown
previously in Figure 3a. Herey for localized adsorption is
always positive (never equals zero) and higher than that for
nonlocalized adsorption. Nonlocalized adsorption, however,
exhibits the same dependenceyain i, but with a much weaker
dependence at highyg. Also, at 7,34 > ~2, nonlocalized
adsorption exhibits slightly negativevalues of around-5%.
However, the small insert in Figure 5a shows that in the
expected range of low-to-moderatg, 1 is more likely to be
always positive and with considerable magnitudes for all
conditions. Except for nonlocalized adsorption at higjlinear
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Figure 4. Effect of polyatomic gas phase vibrational temperature on
the (a) molecule size dependence of and (b) molecule shape effect on
the deviation of the differential adsorbed phase heat capacity from the
molar gas phase heat capacity. The inserts indicate the expected
conditions for industrial adsorption processes.

olecules always exhibit higher than nonlinear molecules,
and this shape effect om becomes more pronounced at low
7yg- Figure 5b shows the same behavior, and it also shows that
the dependence &Cp, onu at a specificr,g is almost constant,
regardless oft or the nature of adsorption. This effect is also
manifest in Figure 4a, which shows the pure dependence of the
rate of change oﬁ(_:pa with « on only 7yq. Moreover, both
Figures 5a and 5b demonstrate the previously noticed behavior
at hight,g where the size effects cancel out for all adsorption
conditions and the shape effect also disappears for nonlocalized
adsorption. This equality, as explained before, results from the
equal contributions from the molecular size and molecular shape
(only in nonlocalized adsorption) to the partition functions in
both the adsorbed and gas phases. The shape effect remains
important in localized adsorption because all of the internal
degrees of freedom in the adsorbed phase are assumed to be
vibrational and, hence, do not distinguish between linear and
nonlinear molecules. On the other hand, the internal degrees of
freedom in the gas phase are always affected by the molecular
shape. Therefore, as a result of these different behaviors, the
ratio between the internal degrees of freedom in the gas and
localized adsorbed phases is always affected by the shape of
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490 e — the same way witlx when the high temperature approximation

is considered for both of them.
200 ' 1 Figure 5¢ shows the magnitude of the temperature dependent
150 term of the isosteric heat of adsorption as a function ofithe
molecular size and shape, and nature of adsorption. Clearly,
the temperature dependence of the isosteric heat of adsorption
is at its maximum at lowr,g, where all the other effects are
also pronounced. At this conditiop, plays a very important
role on the temperature dependence of the isosteric heat of
adsorption, which always increases in the positive direction
when increasing:. This agrees with the previously noticed
behavior ofACp, and the recently published res@ité of the
temperature dependence of the isosteric heat of adsorption and
its increasing importance when increasing the adsorption affinity
of the molecule. The effect of increasing adsorption affinity can
be mimicked here with either decreasing or increasing,
both resulting in an increasing temperature dependence of the
isosteric heat of adsorption. For a fixed molecular size, however,
and at lowryg, the molecular shape effect is more important in
determining the temperature dependence of the isosteric heat
of adsorption than the nature of adsorption. Therefore, at every
w in Figure 5c, the curves for the temperature dependence of
the isosteric heat of adsorption are grouped in two bundles, one
for linear and another one for nonlinear molecules, with the
linear molecules exhibiting a higher temperature dependence
of the isosteric heat of adsorption, as also noticed in Figure 5b.
At the high temperature limit, however, the temperature
dependence of the isosteric heat of adsorption becomes depend-
ent only on the nature of the adsorption and also slightly on
the molecular shape in the case of localized adsorption, as shown
previously in egs 32, 39 and 41.

190
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Conclusions

1 L L TTE— Statistical mechanical concepts were applied to analyze and
obtain expressions for the isosteric heat of adsorption and its
230 (c)' AR I B dependence on temperature. The analysis was held at the two

extremes of localized and mobile adsorption for monatomic,

diatomic, and linear and nonlinear polyatomic molecules. The
Localized, linear temperature dependence of the isosteric heat of adsorption was
170~ — - Mobile, linear | | most severe for localized adsorption, low temperature conditions,
I ) heavily adsorbed species, and increasing linearity of the

= = Localized, spher.| . .

polyatomic molecules at low-to-moderate temperatures, and vice

Mobile, spher. versa at high temperatures. However, the most important
determining factor on the temperature dependence of the
isosteric heat of adsorption was the gas phase vibrational
temperature, exhibiting a higher temperature dependence of the
isosteric heat of adsorption at lower dimensionless gas phase
vibrational temperatures. The adsorbed phase vibrational tem-
perature was also important; but it could always be assumed to
be relatively low at room temperature and, hence, could always
be assumed to exhibit a fixed linear temperature dependence.
Unlike the gas phase vibrational temperature, this always

0.01 0.1 ! 10 implified the adsorption system in the high temperature

T =T/d simplined t puon sy g per
vg vg approximation, but only with respect to the frequencies in the

) . . I adsorbed phase.
Figure 5. Effect of polyatomic molecule size and gas phase vibrational . . .
temperature on the (a) percent error of assuming equal adsorbed and FOr @ fixed molecular shape, the difference in the adsorbed

gas phase heat capacities, (b) predicted deviation of the differential Phase heat capacities between localized and nonlocalized
adsorbed phase heat capacity from the molar gas phase heat capacitgdsorption was always constant regardless of the molecular size
and (c) magnitude of the temperature dependent term of the isostericor adsorption conditions. The deviation between the differential
heat of adsorption. The inserts indicate the expected conditions for 53qsorped phase and molar gas phase heat capacities was in the
industrial adsorption processes. approximate ranges of 27 to 67% and0 to 10% for localized

the molecule. Nevertheless, although the internal degrees ofand mobile diatomic adsorption, respectively. The upper limits
freedom in the gas and nonlocalized adsorbed phases areof these ranges corresponded to low temperatures and the lower
unequal, they are of the same kind and, therefore, change inlimits corresponded to the high temperature approximation. At

L \ol u.=No. of atoms/molecule | |

110

st

(q.-€+zoB)/RT
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low-to-moderate temperatures, these deviations always increasegbartition function than eq 14; nevertheless, both equations are
with increasing linearity of the polyatomic molecules (in applied here to the di- and polyatomic molecules. With these
localized adsorption) or when increasing the number of atoms considerations for a diatomic molecule, the partition function
in each molecule. The increase in this relative deviation becamefor the internal degrees of freedom in the gas phase is given by
almost negligible at very high numbers of atoms; however, the
absolute deviation between the adsorbed and gas phase heat 7,4 exXp(1/2,,)

. . ; g —qd o9 —_1 vg
capacities increased continuously with the number of atoms per int(T) = Orot Wb = exp(Lh,) — 1 (A4)
molecule. The rate of this increase was independent of the PHvg
degree of localization and the molecular size and shape.
However, a maximum rate of increase of the absolute deviation *.
between the adsorbed and gas phase heat capacities wad'Ve
exhibited at low temperatures. The effect of polyatomic mo- 1k
lecular shape could be substituted with either intermediate or Cp =Rl 7 + exp( vg)
relatively high temperatures when localized or mobile adsorption 9 2 ng [exp(L,q) — 172
conditions were exhibited, respectively. The temperature de-
pendence of the difference between the differential adsorbedyyhich, at highr,q, reduces to B/2.

and molar gas phase heat capacities was much less important a3 Polyatomic Gas Moleculeginrestrained molecules in

than that of the isosteric heat of adsorption. Moreover, at the gas phase always exhibit three translational degrees of
relatively high temperatures and for localized adsorption, this freedom, leavingx vibrational degrees of freedom, whege

and the corresponding molar ideal gas phase heat capacity is
n by

(A5)

dlfference_ exh_lblted_ constant values RR2, 3R_/2, and R fo_r equals (& — 5) or (3« — 6) for linear and nonlinear molecules,
monatomic, diatomic and Ilneqr polyatomic, and nor!llnear respectively, angc is the number of atoms in the molecule.
polyatomic molecules, respectively, andR/2 for mobile The high temperature rotational partition functions for linear
adsorption. and spherical-top nonlinear molecules are given respectively
16
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Appendix

The Gas Phase Partition Function and Ideal Gas Phase
Heat Capacities.A1. Monatomic Gas Molecule monatomic
gas molecules the vibrational and rotational partition functions
do not exist, therefore

where ¢ is a symmetry factor. Assuming equal vibrational
frequencies, the unrestrained vibrational partition function is
given by either eq 13 or 14 raised to the powercofWith

these considerations, the ideal gas phase molar heat capacity
for a linear polyatomic molecule is given by

Qn(M =1 (A1)
Substituting eq Al into the appropriate expression for the total Cp,=R 7 4 (8 — 5) exp(ltvg) (A8)
partition function gives the following expression for the ideal ¢ 2 1 [exp(lk,g) — 117

gas phase heat capacity:

which, at highz,g, reduces to
Cp, = Cy, + R=5R/2 (A2) g
A2. Diatomic Gas Moleculedn this case, the three main Py = 3R~ 112) (A9)
contributors are the one vibrational and two rotational degrees
of freedom. The rotational frequency temperatudgy (ex-

pressed a$®8x%«, wherel is the moment of inertia), is
R( .

and for a spherical-top nonlinear molecule, it is given by

(3u — 6) exp(ltvg)) (AL0)

typically much lower than room temperatufeTherefore, the Cp, =
’ Tog [eXP(LE,g) — 1

high rotational temperature approximatiagy & T/®g > 1) is

a fairly good approximation for most industrial conditions and
is applied here for all rotational partition functions in the gas \ynich also reduces to
and adsorbed phases. This allo@%(T) to be estimated from

the product of the rotational and vibrational partition functions (:pg =R@u — 2) (A11)
in the gas phase. This also allows the rotational partition function
in the gas and adsorbed phases to be estimated from

at highzyg.
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