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Roles of Surface Heterogeneity and Lateral Interactions on the Isosteric Heat of Adsorption
and Adsorbed Phase Heat Capacity
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Analytical expressions are developed, based on a lattice statistics model incorporating the\Bilagms
approximation and a random heterogeneous surface described by a uniform distribution of energies, for
predicting the single-component isosteric heat of adsorption and differential adsorbed phase heat capacity as
a function of temperature, surface coverage, lateral interactions, and adsorbent heterogeneity. A parametric
study demonstrates that these four factors all affect the isosteric heat of adsorption but with different magnitudes
at different conditions. The temperature dependence of the isosteric heat of adsorption is always related to,
and accompanied by, the adsorbent surface heterogeneity. The differential adsorbed phase heat capacity has
a very weak temperature dependence and is not directly affected by lateral interactions. The molar adsorbed
phase heat capacity is in most cases higher than the gas phase heat capacity. The deviation between the molar
adsorbed and gas phase heat capacities depend mostly on surface coverage and surface heterogeneity and
weakly on the lateral interactions and temperature. The derived expressions are used also to predict the isosteric
heat of adsorption and adsorbed phase heat capacity from regressed parameters obtained from experimental
adsorption isotherm data in the literature. Comparisons show that the molar adsorbed phase heat capacity can
sometimes exceed it by 20% or more, depending on the regressed value of the heterogeneity parameter.
These results have significant implications for adsorption-process modeling.

Introduction neighbor occupied sites; however, it does not discriminate

The effects of surface heterogeneity and lateral interactions c_IearIy betvx(een the effects of these different types of interac-
tions, and it does not account for adsorbent heterogeneity.

on adsorption equilibria have been analyzed extensively in the . .

literature, both experimentally and theoreticdlly. However, Moreover, these molecular. S|mu!at|on approaches, althoygh

these same effects on the isosteric heat of adsorption have bee Iegant,_are very computer intensive and_, thus, not well smffed

discussed only on the bases of experimental data with essentiall or carrying out extensive parametric studies. In contrast, lattice
gas concept8!thave been used widely by many investigators

no theoretical analyses to quantify their roléSecent literature to disclose subtle information about the adsorption of gases and
has demonstrated also the importance of the potential effects P 9

of temperature on the isosteric heat of adsorgtidmsed on th?L mlxt:Jre_s largely balsed on analytical expr(re]ssi'énbs. based
thermodynamically consistent virial-type and modified Antoine ese lattice-gas analyses, in many cases, have been base
adsorption models. However, a paucity of theoretical analyseson.a random heteroggneous surface.vx'nth the Iatera.I Interactions
have been performed demonstrating the coupled effects ofbe'n% at():countedﬂl:smg t\t/\r/]e Bragwni!ams happrOIX|31et1t|on_, |
temperature, surface heterogeneity, and lateral interactions orjnainly because these two assumptions have led o simplée

the isosteric heat of adsorption and its temperature dependenc&*Préssions that capture the physwal essence of more realistic
which leads to the adsorbed phase heat cap&gity. models. These studies have included the effects of adsorbent

The results from a molecular dynamics (MD) simulation of heterogeneity and lateral interactions on adsorption equilibria,

the adsorption op-xylene on a Na'Y zeolite® demonstrated and the roles of different energetic site distributiéng!?-24

that the heat of adsorption has essentially the same temperaturg or exaf”p'e’ Ritter et fﬁldevelpped an analytical Eexpression
dependence as the adsorbatesorbent vertical interactions and to describe the adsorption of single gases thf’.lt laterally interact
that the adsorbateadsorbate lateral interactions are almost °7 & random heterogeneous surface according to the Bragg

temperature-independent. The adsorbaidsorbate lateral in- \_I/_Y:"'?ms pr_roxn’r;aﬂpn ang 6} gnltl‘)ormc;jlstr|b#tlop of ener%es.
teractions also have much less contribution to the heat of ' '€ foun ation of this model is based on the rigorous theory

adsorption than the adsorbatedsorbent lateral interactions. A of Hill 2 bu; IS ok;taln_ed using a m?thOd proposed _by Jarc_)n_lec
statistical mechanics stutigmploying the McQuistanHock and Patryklejev&. This ad;orpnon |_sotherm mo_dgl IS expl|c_|t_
model demonstrated that the adsorbed phase heat capacity O@Iso In pressure and thus ideally suited for o.btalnlng an ?Xpl'c't.'
rare gases on graphite depends on the fractional surface coverag%”alyt'cal temperature-dependent EXpression fo.r the |sos§erlc
and temperature. This model contains the effects of interactionsheat of adsqrptlon and related_ thermodynarmc properties.
between the adsorbate molecules and the adsorbent, betwee herefo_re, Ritter et_al."s model is used her_eln to derlve_
two nearest-neighbor vacant sites, and between two nearestEXPressions for the isosteric heat qf adsorption anql the dif-
ferential adsorbed phase heat capacity, both as functions of the
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A parametric study is performed using these new expressionsexpression for the isosteric heat of adsorption as a function of
to investigate the coupled effects of these parameters on thesurface coverage, adsorbent surface heterogeneity, lateral in-
adsorption equilibria, isosteric heat of adsorption, and adsorbedteractions, and temperature.
phase heat capacity. Single-component adsorption-isotherm data

from the literature are correlated also with Ritter et A@del. S b:0) P S 2 exp(=2s) exp(X0)(1 — 0)
The corresponding isotherm parameters are used in the derived! = € K 1 — exp(—2s) exp(XH)
expressions to predict the isosteric heat of adsorption and, from 20 exp(2H)

its temperature dependence, the adsorbed phase heat capacity. ) @)
The isosteric heats of adsorption predicted in this straightforward 1— exp(a9)

fashion are compared also with those obtained by the classical, | o |imit asg — 0, eq 7 reduces to

less direct approacht, which depends on loading-explicit

adsorption-isotherm models, the chain rule to convert deriva- 91 + exp()]

tives, and numerical differentiaticii:?” C=limg=e+RT————>—1 (8)
6—0 exp(x) — 1

Theory which is the zero-surface coverage isosteric heat of adsorption.

Ritter et al* used the random heterogeneous surface concept Thedifferentialadsorbed phase heat capacity, @ defined
of Hill with a uniform distribution of energies to model single- as the temperature derivative of the differential adsorbed phase
component adsorption equilibria, with the Bragilliams enthalpy at constant loading, i.e.,
approximation applied globally to account for nearest neighbor

interactions. This model is expressed as =~ _ 8F'a
Cpa_ 3_T n (9)
p="n_ 1 | 1+ Pbexp@) exp(—a) 1
“m 25 \1+ Pbexp(s) expa) (1) The thermodynamic definition of the isosteric heat of adsorption

is the difference between the molar gas-phase enthalpy and the
where® andn are the fractional surface coverage and amount differential adsorbed phase enthafSy,e.,
adsorbed on the random heterogeneous surface, respectively,

mis the monolayer saturation lim#, is the gas-phase pressure, q= l:|g - |:|a (10)
b is related to the average energy of adsorptiens the
heterogeneity term, and is the lateral interaction terns, a, With this definition, eq 9 can be rewritten as
andb are defined as o
(9] (9] — & _ @)
s= @RET ) G, ( aT) (aT)n Cp, (aT 0 (11)
whereC:pg is the molar heat capacity of the gas phase at constant
a=2p 3) pressure. Applying eq 11 to eq 7 gives
kT
_ _ ~ aq
AC, =C, - & = —(—) (12a)
€ (N Pa P
b =Dy exp(R—T) (4) o aT)o
= —4R< exp[2(0 — 1)](0[exp(X0) —
whereo is the adsorbent surface heterogeneitis the fixed PIX 20 — )1]( 5_ P )_ 1041
coordination numbey is the lateral interaction energy (favor- expls( )l + exp6) ]
able when negative}, is the average energy of adsorptidris exp(20))(0[exp(20) + exp[s(26 — 1)] —
the absolute temperatur,is the universal gas constant, and expl) — 1] + 1 — exp(X0))/[exp[2s(20 — 1)] —
is Boltzmann’s constant. However, because.oéq 1 is implicit exp[2(6 — 1)] — exp(29) + 1]2 (12b)

in surface coverage and requires an iterative solution. On the
other hand, it can be rearranged into a pressure explicit isothermwhich is an explicit expression for the difference between the
as differential adsorbed phase and molar gas phase heat capacities
and depends on the adsorbent surface heterogeneity, fractional
exps) ex;{ye)[exp(Zse) —1] surface coverage, and temperature but not lateral interactions.
1 kT (5) In the limit as® — 0, eq 12b reduces to

P=bl T 1= exp(@d) expc 29

The advantage of eq 5 is that it can be used to predict AC,°=lim(AC,) = 1—M
thermodynamic properties that are based on pressure-explicit v [exp() — 1]
isotherm models such as the isosteric heat of adsorption.

Assuming ideal gas-phase behavior and a negligible adsorbe
phase volume with respect to the gas-phase volume, the isosteri(?|
heat of adsorptiong, can be calculated from the Clausius
Clapeyron equatidii—28 according to

(13)

d/vhich is the zero-surface coverage difference between the
ifferential adsorbed phase and molar gas phase heat capacities.
The molar adsorbed phase heat capacity is calculated from
the molar enthalpy of the adsorbed phase using the following
formula

_ RT23|I"I P 6 - S AL -
a=RT(*;F), © _(aHa) :(w)n:cpg_(ama)n 12

P\ 9T /n aT aT

with the surface coverage replacing the amount adsori®@e? }
Applying this formula to egs 25 results in eq 7, an explicit ~ where AH, is the difference between the molar enthalpies of
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TABLE 1: Parameter Values and Ranges Investigated in the Parametric Studies

parameter units case A case B case C case D case E case F
Zwlk K —1086 to+1086 —1086 to+1086 —1086 to+1086 —1086 to+1086 —1086 to+1086
o kd/mol 101 5 15 10%%to 15 10%to 10 3t015
€ kJ/mol 20 20 20 20 20 20
by MPa?t 0.345 0.345 0.345 0.345 0.345 0.345
the gas and adsorbed phases and is givéh by N —— , : ; . ;
~ 1, m 80 I _
AR, =( Joqon — TIA) (14b) LT i, ) ]

andTIA is the total spreading pressure giverthy

= 60 |
nd In P 2 3
ITA=RT an 1l4c E T i \. |
0alnn (o) g g [T sm i -
S 1 U=.0.043280 7+ 99.61 i
Substituting egs 14b and 14c into eq 14a, and rearranging the ™7 49| |2 gz 2036100 T 9046 |
resulting equation, gives the following expression for calculating > | |! gf -0.041183 T+ 94.48 Energy of ads. (0) -
; _ N 2 U=-0.034947 T+ 9136 L
the d|f_f¢rence between the molar adsorbed and gas-phase heat 530 |5 U- 0023002 T 8469 Verticalinter. (U)| |
capacities - {1 U= .0002327 T+ 535 Lateral inter. (U) |
20 |2 U= -0.000881 T+ 784 -
3 U= -0.001070 T+ 11.63
. a[m P+ R% N s s *
~ ~ ~ n — _ L L . |
AC,=C, - C, ==['|AC, +R an e 2 .
Pa Pa Py nJ/o Pa Jlnn 1 . B
(15) 0 PR RN S S T T SN I S ENTINS ENNNR NN SO N}
] ) ) ] ) 500 600 700 800 900 1000 1100 1200 1300 1400 1500
The integral in eq 15 is evaluated numerically from the loading 7K
dependence of egs 5, 7, and 12. Figure 1. MD simulations for the adsorption gf-xylene on Na-Y
g p y
. . zeolite® The numbers on the fitted lines indicate the average number
Results and Discussion of p-xylene molecules per zeolite supercage used in the simulations.

The expressions derived in this work (i.e., eqs 7 and 12),

based on simple lattice statistics, have all of the features . . . .
emphasis is placed here on the isosteric heat of adsorption and

necessary to account for the effects of fractional-surface h h . h |
coverage, surface heterogeneity, lateral interactions, and tem-2dsorbed phase heat capacity. The parameter values and ranges

perature on the isosteric heat of adsorption and adsorbed phas&1vestigated are shown in Table 1. They correspond to values
heat capacity. Eq 7 demonstrates that the isosteric heat oftyPically encountered in gas adsorption systems.
adsorption depends explicitly on all four parameters, while eq  Effect of Temperature (cases A, B, and C)Figures 2-4
12 demonstrates that the differential adsorbed phase heashow the effect of temperature on the isosteric heat of adsorption
capacity only depends explicitly on three of them, namely, and adsorption equilibria at negligible, moderate, and relatively
fractional surface coverage, adsorbent heterogeneity, and temhigh surface heterogeneities, respectively. Each of these figures
perature; it does not depend on lateral interactions. The molaralso shows the effect of favorable (negative), negligible, and
adsorbed phase heat capacity, however, depends weakly omnfavorable (positive) lateral interactions. The parameter values
lateral interactions through the spreading pressure term in edand ranges investigated for Figures 2, 3, and 4 are given in
l4a. These are very interesting results that have also beenyases A, B, and C in Table 1, respectively. Figure 2 shows the
corroborated in the literature based on rigorous MD simulaions combined effect of temperature and lateral interactions on a
that revealed the relative temperature dependencies of differemrelatively homogeneous-adsorbent surface (i.e., with negligible
components of the heat of adsorption. Results from ref 8 for paterogeneity). Clearly, for a homogeneous adsorbent, temper-
p-xylene adsorbed by NaY zeolite are plotted in Figure 1in 5,16 has no effect on the isosteric heat of adsorption at all
terms of th.e energy of adso.rpt|oU)(and the.vertlcall(J\,) and surface coverages. An examination of eq 7 wsth~ 0 also
lateral () interaction energies, all as functions of temperature reveals this fact. The isosteric heat of adsorption at zero-
(note thatJ is the sum ofJ, andU)). The temperature derivative fracti ) - - _
ractional-surface coverage is independent also of lateral interac

of the adsorbentadsorbate vertical interactions is more than tions, as expected from eq 8. However, favorable (negative)

20 times that of the adsorbatadsorbate lateral interactions; lat ’I' ; pt' h qe. ’f th 9 tori

therefore, the temperature derivative of the energy of adsorption ateral Interactions on a NOMOGeNneous surtace cause e 1Sosteric
heat of adsorption to increase with increasing surface coverage,

is nearly equal to that of the adsorbatedsorbent vertical oo o ) .
interactions, which arises mainly from adsorbent surface @S shown in Figure 2a. The results in Figure 1 potentially satisfy

heterogeneity. This also makes the temperature derivative these conditions because the energy of adsorption increases with

essentially independent of lateral interactions, in agreement with @0 increase in the number pixylene molecules per zeolite
eq 12. super cage, implying that attractive (favorable) interactions exist
The roles of surface heterogeneity and lateral interactions onbetween the-xylene molecules and that they are adsorbed on
the isosteric heat of adsorption, adsorbed phase heat capacityPnly a slightly heterogeneous adsorbent. However, when no
and adsorption equilibria at different temperatures as well as lateral interactions exist on a homogeneous surface, as shown
the effect of fractional surface coverage are ascertained from ain Figure 2b, surface coverage has no effect on the isosteric
parametric study. However, since the effects of these parameterdieat of adsorption, as expected from this ideal situation and as
on the adsorption equilibria have been studied previctisigre revealed from eq 7 witls andw — 0. In contrast, unfavorable
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Figure 2. The effect of temperature on the isosteric heat of adsorption and adsorption equilibria with negligible surface heterogeneity and (a)
favorable, (b) negligible, and (c) unfavorable lateral interactions.

(positive) lateral interactions decrease the isosteric heat of 3. However, temperature has only a minor effect on the isosteric
adsorption with increasing surface coverage, as shown in Figureheat of adsorption at all degrees of lateral interactions and

2c. surface coverages. Comparing the zero-surface-coverage iso-
As an aside, it is interesting to point out that the adsorption Steric heat of adsorption in Figures-2 shows that it increases
isotherms are plotted in a characteristic form, Rlys 6.3 In significantly with increasing adsorbent surface heterogeneity and

this form, all of the isotherms should collapse into a single curve is independent of lateral interactions; these dependencies are
that is independent of temperature. This behavior is observedevident from eq 8. Therefore, the temperature dependency and
only in Figure 2b for noninteracting molecules adsorbed on a the zero-surface coverage of the isosteric heat of adsorption can
homogeneous adsorbent. In contrast, when lateral interactiondoe altered only by a heterogeneous surface. Surface heterogene-
are present, deviations from the ideal characteristic curve beginity also overcomes the effects of lateral interactions on the
to appear at relatively high surface coverages where lateralisosteric heat of adsorption; thus, the increase of the isosteric
interactions become appreciable. Parts a and ¢ of Figure 2 showheat of adsorption with increasing surface coverage that is
that when lateral interactions exist, systematic deviations from noticed in Figure 2a for favorable interactions on a homogeneous
the characteristic curve occur, wher@hincreases significantly ~ surface is no longer apparent in Figures 3a and 4a. Nevertheless,
with an increase in temperature at a fixed surface coverage forlateral interactions still play a role in the behavior of the isosteric
favorable interactions (Figure 2a) and decreases for unfavorableheat of adsorption with surface coverage, but it is coupled with
lateral interactions (Figure 2c). These deviationsPimwith surface heterogeneity.
temperature are interesting in that they disclose very clearly Figures 3 and 4 also show that in progressing from favorable
how departures from ideality manifest in the adsorption isotherm to none to unfavorable lateral interactions, the gradient in the
and they indicate an increasing sensitivity of the adsorption isosteric heat of adsorption with surface coverage increases
equilibria to variations in temperature when lateral interactions dramatically. This gradient increases just as sharply with an
are encountered. These effects also produce a change in théncrease in surface heterogeneity (compare Figure 3b with Figure
amount adsorbed at a fixéth when compared to the ideal case 4b). Clearly, the effects of favorable lateral interactions, which
presented in Figure 2b: favorable lateral interactions cause anare more physically realistic, oppose the effects of surface
increase, whereas unfavorable cause a decrease. These resuligterogeneity by causing less of a decrease in the isosteric heat
are in agreement with the general concept of favorable and of adsorption with increasing surface coverage compared to the
unfavorable lateral interactions and with previous analyses of ideal case with no lateral interactions.
the effects of these parameters on the adsorption equifibria. ~ Again, as an aside, it is interesting to note the behavior of
Figures 3 and 4 show the same conditions as those shownthe characteristic curve, i.&2pvs 6 in Figures 3 and 4. Except
previously in Figure 2 but at higher degrees of adsorbent surfacefor highly favorable lateral interactions on a moderately
heterogeneity. Temperature effects on the isosteric heat ofheterogeneous surface (Figure 3a), or favorable or unfavorable
adsorption start to appear gradually in these two cases, whichinteractions on a homogeneous surface (parts a and ¢ of Figure
indicates that the temperature-dependence of the isosteric hea), deviations from the characteristic, temperature-independent
of adsorption is determined mainly by surface heterogeneity. behavior are observed in all cases at both low and high surface
The effect of temperature also becomes most pronounced at arcoverages, except fd?b = 1 where all of the curves in each
intermediate level of surface heterogeneity, as noticed in Figure case intersect and, thus, produce the characteristic behavior at



Roles of Surface Heterogeneity and Lateral Interactions J. Phys. Chem. B, Vol. 103, No. 13, 199971

27 28 28
2 2
24
20
B o o)
=) Q [=}
E E E 6
= = =
= (= =
o 24 o =
12
16
23
3
P9 S ST R B el oy . .
B ——————T—— 73 IE+] — 1E43 .
L ] [ ] 1E+2 -
1E+0 |- - r ] E
£ 3 1E+0 |- - 1E+1 -
[ ] F ] 3
d ] ]
2B E = F ] D 1B+ -
L ] 1E1 | - 1E-1 . .
. £ - .3 Fixed Parameters: 3
1B T Fixed Parameters: _| E T FEixed Parameters: 3 73 O=5 kimole ]
- 273 G=5 ki/mole E| r 1 273 ©=5 kJ/mole E ! 273 20/K = +1086 K p
< = 3 r 93 2k=0 1 2 293 =
293 zofk=-1086 K E N 2 293 K ] 1E-2 €= 20 kl/mole 3
313 €= 20 ki/mole ] 3 313 e=20klmole 33 By 0345 MPa?
333 By =0345MPat 4 r 4 333 by -0335MPa? ] M o ]
3 P N T TSR B E2 PN RO DRI B3 Lo s
0.0 02 0.4 06 08 Lo 0.0 02 04 0 06 08 10 0.0 02 0.4 0 06 08 10
0

Figure 3. The effect of temperature on the isosteric heat of adsorption and adsorption equilibria with moderate surface heterogeneity and (a)
favorable, (b) negligible, and (c) unfavorable lateral interactions.
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Figure 4. The effect of temperature on the isosteric heat of adsorption and adsorption equilibria with relatively high surface heterogeneity and (a)
favorable, (b) negligible, and (c) unfavorable lateral interactions.

one point. This point of intersection switches the direction of g = 1 In( 1+ ese_u) (16)

the departure from the characteristic curve, similarly to the way 28 \1+e%®

lateral interactions do in Figure 2. It is also where the opposing

effects of surface heterogeneity and lateral interactions exactly ) ) )

cancel producing ideal behavior. The variation of this point of Solving eq 16 iteratively ford shows that when no lateral
intersection with surface coverage for different values and interactions dominate, this intersection point also corresponds
o can be obtained by settiro = 1 in eq 1, which results in  to & = 0.5 but increases significantly or decreases slightly from

the following implicit (because oft) expression foi: this value when extremely favorable or unfavorable lateral
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Figure 5. The effect of surface heterogeneity on the isosteric heat of adsorption and adsorption equilibria at moderate temperatures and (a) favorable,
(b) negligible, and (c) unfavorable lateral interactions.

interactions exist, respectively. These strong dependencies ardions and noticeably more important than temperature in
shown clearly in Figures 3 and 4. determining the behavior of the isosteric heat of adsorption.
Effect of Surface Heterogeneity (Case D)Figure 5 shows These results also agree with the more rigorous but less
the effect of different degrees of surface heterogeneity on the insightful MD simulation8 shown in Figure 1, in terms of the
isosteric heat of adsorption and adsorption equilibria at a relative contributions of lateral and vertical interactions as well
moderate temperature (293 K) for (a) favorable, (b) negligible, as the _relative contribution of temperature to the energy of
and (c) unfavorable lateral interactions. The parameter valuesadsorption.
and ranges investigated are summarized in case D in Table 1. The adsorption equilibria also show some interesting behavior
These curves show that when no lateral interactions exist (Figurethat is indicative of the mathematical symmetry of this simple
5b) and for a homogeneous surface (curve 1), the isosteric heafattice model; i.e., all of the curves intersectéat= 0.5. The
of adsorption is independent of surface coverage with a value mathematical implications of this behavior have been discussed
equal to the adsorption energy, As the heterogeneity of the  in detail by Hil®32 and also by Rudzinski and Everét;
surface increases, however, the isosteric heat of adsorptiontherefore, only the physical implications are discussed herein.
becomes an increasingly stronger and always decreasing functiorlt is noteworthy that the similar behavior noted in a previous
of surface coverage. Favorable lateral interactions on a homo-section, where most of the curves cros$at= 1.0 (see the
geneous surface (Figure 5a, curve 1) cause the isosteric heat opdsorption equilibria in Figures 3 and 4) insteaddof= 0.5,
adsorption to increase with increasing fractional-surface cover- has not been discussed in the literature. Nevertheless, the
age. As the heterogeneity of the surface increases in this casepehavior shown in Figure 5 indicates that the effects of
the effects of favorable lateral interactions are progressively heterogeneity cancel out at this point of intersection. It also
overcome to the point where the isosteric heat of adsorption Shows that the reduced pressure and isosteric heat of adsorption
becomes independent of surface coverage, exhibiting thecorresponding to this point of intersection, denoted®sand
behavior of a homogeneous surface with no lateral interactions,d’, are functions of the lateral interaction paramétsubstitut-
and then it becomes an increasingly stronger and alwaysing & = 0.5 in egs 5 and 7 gives these functionalities as
decreasing function of surface coverage. In contrast to favorable
lateral interactions, unfavorable lateral interactions cause the bP* o= ex;{%) a7
isosteric heat of adsorption to decrease with increasing surface
coverage, even on a homogeneous surface (Figure 5c, curve 70
1). So in this case, unfavorable lateral interactions enhance the O*p—g5=€ — 2(7) (18)
effects of surface heterogeneity and cause an even more
pronounced but similar dependence of the isosteric heat of These relations show, for example, that when no lateral
adsorption on the surface coverage as that shown in Figure 5binteractions exist, all of the adsorption equilibria curves cross
Figure 5 also shows that the variation of the zero-surface- atbP" = 1.0, and all of the isosteric heat of adsorption curves
coverage isosteric heat of adsorption with surface heterogeneitycross at]’ = ¢, i.e., the average adsorption energy (20 kJ/mol),
is much higher than that with temperature, which is shown in regardless of surface heterogeneity.
Figures 3 and 4. These results imply that the effects of surface This mathematical symmetry also has some interesting
heterogeneity are more pronounced than those of lateral interacimplications with respect to the characteristic curl?® s 0).
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Figure 6. The effect of lateral interactions on the isosteric heat of adsorption and adsorption equilibria at moderate temperatures and (a) negligible,
(b) moderate, and (c) relatively high surface heterogeneities.

The ideal situation is curve 1 in Figure 5b, wherandw — 0 of the zero-coverage isosteric heat of adsorption is related
andqg = ¢ and is independent of surface coverage. All of the closely to the magnitude of surface heterogeneity.
other curves deviate significantly from this ideal behavior, For both the homogeneous (Figure 6a) and slightly hetero-
except for curves %4 in Figure 5b but only at the point of  geneous (Figure 6b) surfaces, essentially the same trends are
intersection. Nevertheless, in all cases, as heterogeneity increasesbserved, where the isosteric heat of adsorption progresses from
the departure from ideality switches from negative deviations a decreasing linear function of the surface coverage to an
for surface coverages less thédr= 0.5 to positive deviations  increasing linear function as the lateral interactions change from
for those greater thath= 0.5. Negative deviations from ideality = unfavorable to favorable. However, for a very heterogeneous
are defined herein as those corresponding to a higher loadingsurface, the isosteric heat of adsorption always decreases with
for a given Pb. The effect of favorable lateral interactions increasing surface coverage, but less so as the lateral interactions
enhances this behavior by shifting all of the curves to lower change from unfavorable to favorable. The functions also
values of Pb, as shown in Figure 5a where the point of become slightly nonlinear exhibiting some sigmoidal character.
intersection a? = 0.5 is shifted fromPb = 1.0 in the ideal These results show very clearly the complex interplay between
case toPb = 0.1. The opposite behavior is caused by lateral interactions and heterogeneity, both of which have a
unfavorable lateral interactions. These results show very clearly marked effect on the way the isosteric heat of adsorption varies
the coupled and marked effects of lateral interactions and surfacewith surface coverage.
heterogeneity on the departure from ideality. The characteristic curvép vs 0) also deviates significantly
Effect of Lateral Interactions (Case E). Figure 6 shows from the ideal behavior except at very low surface coverages.
the effect of lateral interactions on the isosteric heats of The ideal curve is actually curve 3 in Figure 6a, which is clearly
adsorption and adsorption equilibria at a moderate temperaturenoted by the isosteric heat of adsorption being independent of
(293 K) for (a) relatively homogeneous, (b) moderately het- surface coverage. Moreover, in progressing from unfavorable
erogeneous, and (c) highly heterogeneous surfaces. The paranto none to favorable lateral interactions, the trends are the same
eter values and ranges investigated are summarized in case Eor both homogeneous and heterogeneous surfaces, where all
in Table 1. The fact that adsorbatadsorbate lateral interactions  of the departures from ideality progress from positive deviations
have no effect on the zero-surface-coverage isosteric heat ofto negative deviations, where negative deviations correspond
adsorption is very clearly exhibited in Figure 6, where all of to a higher loading for a giveRb, as defined previously.
the curves intersect at the same value of the isosteric heat of Effects of Surface Heterogeneity, Fractional Surface
adsorption at zero-surface coverage; however, this value in-Coverage, Lateral Interactions, and Temperature on the
creases with increasing surface heterogeneity, as depicted inAdsorbed Phase Heat CapacityFigures 7 and 8 show the
eq 8. It is noteworthy to recognize that although the second effects of the fractional coverage, adsorbent heterogeneity, and
term in eq 8 appears to be an increasing linear function of temperature on the difference between the differential adsorbed
temperature (because BT), it normally exhibits decreasing and molar gas phase heat capacities, and Figure 9 shows the
trends, as shown in Figures 3 and 4. The reason is due to thesame effects, along with lateral interactions, on the difference
opposite temperature dependences which, when included in between the molar adsorbed and molar gas phase heat capacities.
the exponential form of eq 8, overcomes the effectRit As the temperature dependence of the isosteric heat of adsorption
Therefore, as noticed previously for the isosteric heat of on a homogeneous surface is always negligible (see Figure 2),
adsorption at all surface coverages, the temperature dependencihe surface heterogeneity is varied from slight to relatively high
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gas phase heat capacities for different surface heterogeneities and, 4 (c) for a profile at a fractional surface coverage of 0.25.
temperatures.

values. The parameter values and ranges investigated aren the adsorbed phase heat capacity is also minimal, but the
summarized in case F in Table 1. Recall from eq 12 that, effects of fractional surface coverage and adsorbent heterogene-
according to this model, lateral interactions have no effect on ity are relatively more pronounced.

the differential adsorbed phase heat capacity and that this result Figure 7 shows the overall trends for the difference between
is in agreement with the MD simulations in the literat@ifEhe the differential adsorbed and molar gas phase heat capacities
results in Figures 7 and 8 show that the effect of temperature (AC,,) for moderately to highly heterogeneous surfaces. In all
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Figure 9. Effects of surface coverage, surface heterogeneity, lateral interactions, and temperature on the difference between the molar adsorbed
and gas-phase heat capacities.

cases, this difference is a decreasing function of surface heterogeneous, almost the same absolute vaIuAf:g;f[esult
coverage, exhibiting nearly linear behavior for the moderately at zero and full (100%) surface coverages; howeYeT,, is
heterogeneous surface to highly sigmoidal behavior for the very small and decreases rapidly approaching nearly zero on
highly heterogeneous surface. Moreover, the differential ad- slightly heterogeneous surfaces even at these two extremes in
sorbed phase heat capacity is higher than the molar gas phasseurface coverage, as shown in Figure 7d.

heat capacity at loadings belo&v= 0.5, lower than the gas Figure 8a shows thanC,,| is essentially a mirror reflection
phase heat capacity at loadings abéve= 0.5, and equal to around® = 0.5 but with opposite signs as shown in Figure 7.
zero atd = 0.5, with marked deviations from zero on either Figure 8 also shows that although this difference is very small
side of& = 0.5. The breadth of the zera\C,, region around at very low surface heterogeneities, it increases rapidly up to
0 = 0.5 also increases considerably with increasing surface an optimum value atop ~ 7 and the corresponding tempera-
heterogeneity. The zereAC,, behavior at and aroun@i= 0.5 tures. After this optimum, it becomes almost constant at zero-
is associated with the behavior of a homogeneous surface, wherend full-surface coverages while gradually increasing the-zero
the effects of heterogeneity on the adsorption equilibria all AC,, region around) = 0.5, as also noticed in Figure “a.
coincide and, thus, cancel out, as shown in Figure 5. This Figure 8b shows a focused view of this behavior flovalues
behavior is consistent with a rigorous classical thermodynamic less than 0.5. It also shows that the effect of surface heterogene-
analysi834that shows the gas and adsorbed phase heat capacitieity at & = 0 is quite different than that at other loadings. At

to be equal for a homogeneous surface. Figurec7also shows = 0, AC,, exhibits a maximum value &, = 1, with the

that regardless of whether the surface is moderately or highly temperature contribution according to eq 2, and decreases very
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Figure 10. Single-component adsorption equilibria for ethane and ethylene on Nuiitectivated carbod?—36 BPL activated carboff,and 13X
molecular sieve zeolit#*° Symbols and lines represent experimental and correlated data, respectively.

slowly with increasing surface heterogeneity. Such a decreasedependence is always exhibited on homogeneous surfaces at
in AC,, at zero-surface coverage and high-surface heterogeneitylow surface coverages resulting in higher adsorbed phase heat
is not very apparent within moderate ranges of surface hetero-capacities at moderate temperatures. Also, as noticed in the
geneity and is assumed negligible. At higher loadings, however, differential adsorbed phase heat capachg,, at low surface
AC,, also has a maximum value at an intermediate surface coverages and moderate to high surface heterogeneities is almost
heterogeneity, after which it decreases more sharply with constant. However, highly heterogeneous surfaces exhibit a
increasing surface coverage. Clearly, this intermediated the sharper decrease iC,, when increasing the surface coverage
correspondingAC,, values decrease & — 0.5, causing the until reaching a minimum value at a surface coverage ©.
zero—-AC,, effect around = 0.5, which is also noticed before  This decrease becomes more pronounced when highly negative
in Figure 7. Figure 8c shows this behavior, as well as the effect lateral interactions are exhibited. NevertheleA€,, always
of temperature, at the middle of the low surface coverage region,approaches infinity wher® — 1, regardless of any other
i.e., atd = 0.25. The contour lines in Figure 8c show that the conditions AC,, can be negative (resulting in a molar adsorbed
temperature dependence of the differential adsorbed phase hegthase heat capacity that is less than the gas phase heat capacity)
capacity inverts at the optimum surface heterogeneity; only when highly negative lateral interactions are exhibited or
These contours also show th®C,, decreases more slowly with  at very low surface coverages and high temperatures.
increasing temperature at low surface heterogeneities compared Correlation with Literature Data. The applicability of this
to that at high surface heterogeneities. However, the temperaturenodel to predict the isosteric heat of adsorption and adsorbed
dependence in both cases is negligibly weak relative to the effectphase heat capacity from eqs 7 and 12 or 14, respectively, based
of surface heterogeneity, especially at moderate surface heton single-component adsorption-isotherm data correlated with
erogeneities. eq 5 is examined using experimental data from the literdtuf@.
Figure 9 shows the difference between the molar adsorbedFigures 10 and 11, respectively, display the correlated adsorption
and gas phase heat capacities after trapezoidal integration ofquilibria and predicted isosteric heats of adsorption and
the results from the loading dependence of eqs 5, 7, and 12,adsorbed phase heat capacities for ethane and ethylene adsorbed
according to eq 15, and over very small increments of fractional- by Nuxite—Al activated carbod>36 BPL activated carbo#,
surface coverage. Overall, the strongest factor affecting the and 13X molecular sieve zeolit&-4° Figure 10 shows that eq
difference between the molar adsorbed and gas phase hea5 satisfactorily correlates single-component adsorption equilibria
capacities is the surface coverage. Zero-surface coverageover relatively wide ranges of temperature and with reasonable
behavior is completely independent of the lateral interactions, errors. The fitted parameters and absolute relative errors (ARE)
whereas the difference between the molar adsorbed and gasn the equilibrium pressure of each system are given in Table
phase heat capacities increases dramatically Wherl. Lateral 2. This satisfactory performance certainly adds more reliability
interactions show a more pronounced effect at relatively high to the predicted thermodynamic properties shown in Figure 11,
surface coverages, wherein the adsorbed phase heat capacitye., the isosteric heats of adsorption and the percent deviation
increases when the lateral interactions change from negativebetween the molar adsorbed and gas phase heat capacities.
(attractive) to positive (repulsive). An optimum temperature Moreover, Figure 11 shows that the predicted values of the
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Figure 11. Predicted isosteric heats of adsorption and percent deviations of the molar adsorbed phase heat capacity from the molar gas phase heat
capacity for ethane and ethylene on Nuxif&_ activated carbod® 36 BPL activated carbci and 13X molecular sieve zeolit&:*° Thick lines
indicate temperature-independent estimations from the litefatusang Toth and UNILAN isotherm models.

isosteric heats of adsorption in most cases agree well with thoseheterogeneous adsorbent. A more important and more interesting
reported in the literature using the UNILAN and Toth models result, however, is the very subtle effects of the temperature
and the chain rule version of the Clausitlapeyron equatioff dependence of the isosteric heat of adsorption on the difference
Some cases, however, showed remarkable differences betweebetween the adsorbed and gas phase molar heat capacities.
the values predicted in this work and the literature values as When there is no observable temperature dependence of the
well as between the literature values themselves when calculatedsosteric heat of adsorption, negligible differences result between
with different models. In all cases, both the isosteric heat of the adsorbed and gas phase molar heat capacities, in agreement
adsorption and relative differences between the adsorbed andwvith the classical thermodynamic analysis carried out by
gas phase molar heat capacities decrease with an increase iircar>34This is the case for ethane and ethylene on Nuxite

the amount adsorbed, the former result being indicative of a Al activated carbon and for ethane on BPL activated carbon.
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TABLE 2: Regression Parameters and ARE Values for the Adsorption Isotherms of Ethane and Ethylene on Different
Adsorbents Fitted to Eq 5 Using the Least-Sum-Square-Error in Equilibrium Pressures

adsorbent adsorbate bp (1076 atnT?) €/R (K) zwlk (K) d/R (K) m (mol/kg) ARE(%)?
Nuxite—AL activated carbo#? 36 ethane 33.854 3337 727 36.720 6.723 8.49
ethylene 13.674 3482. 1140 24.480 8.628 5.99
BPL activated carbot ethane 1.440 4365 2666 3421 11.935 21.66
ethylene 3.675 1705 4694 1460.007 39.678 13.99
13X molecular sieve zeolit& 0 ethane 3.908 3143 4692 765.715 18.261 23.72
ethylene 8.959 3994 —611 835.573 3.312 14.05
a 100% [P — PEXY i )
ARE = ) N = total number of experimental data points.
S

However, a very slightly temperature-dependent isosteric heatadsorption. The zero-surface coverage isosteric heat of adsorp-
of adsorption leads to appreciable differences between thetion increases with increasing surface heterogeneity and is not
adsorbed and gas phase molar heat capacities with relativeaffected by lateral interactions. Favorable (attractive) lateral
increases above the gas phase molar heat capacity rangingnteractions increase the isosteric heat of adsorption with
between 11 and 24%. This is the case for ethylene on BPL increasing surface coverage on a homogeneous adsorbent;
activated carbon and ethane and ethylene on 13X molecularhowever, this effect is overcome easily when increasing the
sieve zeolite. This temperature dependence of the isosteric heasurface heterogeneity. The relative temperature dependence of
of adsorption, and therefore the difference between the adsorbedhe isosteric heat of adsorption depends mainly on the adsorbent
and gas phase heat capacities, arises from the optimized valuesurface heterogeneity and the fractional surface coverage; it also
of the surface heterogeneity term (i.er); thus, without becomes most pronounced on surfaces with an intermediate
experimental verification, these results are somewhat specula-heterogeneity o6 ~ 1 and at zero or full (100%) fractional
tive. Nevertheless, their implications to the design and modeling surface coverages. A homogeneous surface results in a tem-
of adsorption processes cannot be overlooked. perature-independent isosteric heat of adsorption.

Despite the almost weak temperature dependence of the This study also shows that the differential adsorbed phase
isosteric heat of adsorption and the mostly negligible deviations heat capacity depends on fractional surface coverage, surface
between the adsorbed and gas phase molar heat capacities, sudteterogeneity, and temperature but not on lateral interactions.
temperature dependencies and heat capacity deviations can b&he differential adsorbed phase heat capacity is equal ap-
extremely important, especially when these heat capacity proximately to the gas phase molar heat capacity either at a
deviations can reach values on the order-e20%. These fractional surface coverage of 0.5 or on a homogeneous surface.
deviations also increase at lower temperatures, but the effect ofHowever, the molar adsorbed phase heat capacity is, in most
temperature on the adsorbed phase heat capacity is shown teases, higher than that of the gas phase heat capacity and
be less important than those of surface heterogeneity anddecreases with either decreasing surface heterogeneity or
fractional surface coverage in the parametric study (see Figuresncreasing fractional surface coverage. The deviations between
7—9). Moreover, these results agree with those in the parametricthe molar adsorbed and gas phase heat capacities is always
study which show similar deviations between the heat capacities,important, especially at very high surface coverages, intermedi-
with predicted differences on the order of 2kJ/(mol K) as ate surface heterogeneities, or high lateral interactions (both
shown in Figures 7#9. Considering that the gas phase molar repulsive and attractive). The effect of temperature on the
heat capacities of components typically separated in industrial adsorbed phase heat capacity is noticeable but less important
adsorption processes are on the order of 6@45 kJ/(mol K), than the effects of fractional surface coverage and adsorbent
adding such corrections to the gas phase heat capacities caheterogeneity.
have a remarkable effect on the simulation of such processes. The applicability of this model to predict the isosteric heat
This is especially true if the simulations are performed at of adsorption and the molar adsorbed phase heat capacity from
conditions where temperature effects on both the thermodynamicexperimental adsorption isotherm data is demonstrated also and
properties and the process itself become important, like thoseshows satisfactory agreement with published results. Moreover,
shown recently by Liu and Ritter in the simulation of a pressure some of the systems examined exhibit a deviation between the
swing adsorption proceds. molar adsorbed and gas phase heat capacitie206f6 above

the gas phase molar heat capacity. Such a deviation results from
. the optimized heterogeneity parameter when it meets or ap-
Conclusions proaches the optimum temperature dependence conditions, as

) ) ) ) _illustrated in the parametric study. The magnitude of this
New analytic expressions for the isosteric heat of adsorption yeyiation also has important implications in the modeling of

and differential adsorbed phase heat capacity are derived fromagsorption processes that exhibit marked temperature effects.
an extension of the FowleiGuggenheim adsorption isotherm
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fractional surface coverage, temperature, heterogeneity, an

lateral interactions. A parametric study gives considerable insight
into the roles of these parameters and shows that adsorben
surface heterogeneity, fractional surface coverage, and lateral (1) garrer, R. M.; Coughlan, B. IMolecular Siees Society of
interactions all have significant effects on the isosteric heat of Chemical Industry: London, 1968; pp 23241.
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