
THE DIFFERENTIAL BEAT OF ADSORPTION OF 
SODIUM MORDENITE: A ONE-DIMENSIONAL, 
ADSORPTION MODEL* 

ABSTRACT 

_ 

CO, ON SMALtiPOtiT 
QUASI-EQUILIBRIUM 

The adsorption isotherm and the differential heat of adsorption of CO, on 
small-port sodium mordenite have been measured at 30°C over the range 0.02 torr < 
p < 1 atm by a simultaneous DTA/TG technique- Quite uncharacteristic of other 
zeolks, the isotherm is sigmoidal in shape and-the difKerential heat curve displays 
several pronounced maxima. The results are discussed in terms of a one-dimensionai, 
quasi-equilibrium model which has been developed with the aid of C-13 NMR. The 
model wsumes that both the high and low en- adsorption sites are pexbdkdy 
spaced in the mordenite channel system and- adsorption on the low energy sites 
effkctively restricts the translation of the molecules along the one-dimensional array 
to other more, ez~ex-gefic sites The model explains many of the unusual adsorption 
features of the difZerential heat curve- 

The physical adsorption of mokc&s on smfaces plays an important role in a 
variety of industrial processes zinging from drying and separations to catalysis. 
Understanding the nature of the adsorba&+adsorbent interaction provides us&l 
insight into the properties of the adsorbent snurface which are generally quite different 
from the bulk propert& of the mate&L Even for material with high’surf’ace ark-tfie. 
smfkce msky comprise only a small fraction of the total matter compared with &&e 
bulk_ While many diverse techniques have been used to study the surface region of 
adsorbents, these Bents usually provide little in the way of iuformation about 
the properties of the surface in its capacity as an adsorbent We report here the use of 
two techniques, thermal analysis and carbon-13 nuclear magnetic rkonance, which, 
when taken together, provide the mo& complete description of the physical a&o&ion 
process obtained to date. .- 
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l3iEzLeam.E 

A sodium mordenite prepared from high purity reagents by L_ B_ Sand, of 
Worcester Po~yrecbnic Institute, Worczster, Massachusetts was used in this study_ The 
mordenite has a unit cell formula of Nas(AiO~)s(Si02)ao - 24Hz0 (tit celi dimen- 
sions: a = 18_13 K 6 = 20-49 & c = 7.52 A)’ and consists of chains of NO, and 

SiO, tetrahedra linked to form 5-nngs. The chains of Irings are stacked so as to form 

a twtxiimensional channel system as illustrated in Fig_ 1. The large chazmefq which 
are parailel to the c-axis, are bound by elliptical 12-&p and have a free aperture of 
6.95 x 5-81 A_ A sma&chazmd system, par&e1 to the a-axis, is bound by fiat 8-rings 
(free aperture 4-72 x 3.87 A) and twisted S-rings (free aperture 2.8 A>_ Rather than 

interconnecting the m channels, the small-channel system is blocked at the twisted 
8-ring by a sodium cation, leaving the large channels lined with side pockets. lo 
addition to the four sodium cations per unit cell which reside in the twist& &riqs, 

four other cations are believed to occupy sites scattered in the side pocket itself and in 
the large charmeL Although the Iarge chaxmel dimensions are about 6 A, some 
mordenites will not adsorb moIec&s with a kinetic diameter larger than 3-8 A_ The 
iatter variety, a&d smdbport mordenite, was used in this study, 

EREdEQTN_ 

DiBerrm/rirl lieat of dsorpfion 
The adsorption isothem and tit differential heat of adsorption of co, by 

small-port nor&&e were &asmzd with the MettIer ThermoanaJyzr-l at 30°C over 
apressnreraageof0.02torr~‘p,(aatm.TheInstnunentwaseqaippkdwitfia 
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Fig. 2 schanaric drawing of the Mettier TA-1 tacuum system. 

differential thermal analysis (DTA) amplifier, thermobaIance and high vacuum 
system- In this experiment, the sample, contained in a 7 mm diameter by 5 mm high 
cyiindrical quartz crucibIe, was pIaced on the sample thermocouple of a macro-sampIe 
holder. A simifar but empty crucibIe was placed on the reference thermoconple. With 
the macro-sampie holder, the instrument was capable of performing DTA and 
thermogravimetry (‘TG) on the same sample simuhaneously. This, together with 
the avaiIabie high vacuum system made the instrument especiaIiy suitable for the 
adsorption study descrii herin, since the DTA would monitor the heat due to the 
adsorption which was quantitatively measured by the TG. To &ilitate pressnz 
measurements above I torr, the Metier corrosive gas furnace with auxibary exit was 
connected to a MKS Baratron capacitance manometer with a range of IO,000 torr_ 
Pressures below I tot-r were measured with the instrument’s thermocouple and 
ionization gauges, Figure 2 shows a schematic drawing of the experiment 

In order to determine the sampIe size used for adsorption as zaaxlrakiy as 
possib!e, the sample weight was measured in situ after the sampIe was completely 
dw The thermobakuxe was first calibrated for the 10 mg range used in the. 
experiment in a static N2 atmosphere, The weight of the macro-sample holder and the 
two quartz crucibles were then tared on the thermobahuxe with the standard weights 
ofthebahuxeandthecoarse and fine electronic tare adjustments of the instrument 
Without changing any settings of the tare, the sample was introduced into its crucible 
using a MettIer Vibrating Spatula WhiIe at room temperature, the sample and 
balance chamber were carefully evacuated to a high vacuum with the Babzxs rotary 
pump and two 60 I[sec ditfnsion pumps of the thermoanafyzer. With the pumps still 
on, the sample was heated at IYC/min to 400°C. The sample was considered to be 
completely &gassed when no sign&ant weight loss (dw < 0.01 mg in 10 min) was 
recorded_ The ultimate pressme reached at this stage was about 6 x lOa torr_ The 
sampIe was then cooled back to room temperature and the sampIe and baIance were 
backfil.Ied to 1 atm with dry nitrogen The thermobaIance was again used to determine 
the equiIibrium between the sample and the nitrogen. At equilibrium, the nitrogen 
flow was shut off and the sample weight determmexi.. 



After the sample weight ms dctetmincd, the sample was evacuatedandhmted 
at IScC/min in a dynamic vacuum to 400°C and cooled at I “C&k to room temper- 

ature- This second degassing was performed to ensure that nitrogen which might 
have been adsorbed on the sample during weighing was removed. 

With an ultimate pressure of6 x IO+ torr, the sampIe was heated at I “C/min 

to SO”C w&z-e it wzs heId isotIxrmaIly_ The heating rate control was changed to 
O_Z”C/min for the tightest temperature regdation- When the tfzmperabxe .was 
stabilired, tbe diffusion and rotary pumps were shut off and a base weight de&-m&d 

at the system pressure_ Dosage oCC0, required to raise the pressure to the prescribed 
vaIue was introduced very slowly through the _gis inlet nezdfe valve of the instrument 
into the sampIe and baIancc chamber- As adsorption took place, the DTA (with 
Pt/Pt-IO% Rh t.hermocoupIes), set at 2 jxV/ii sensitivity, recorded an exotherm 
whose area was proportional to the heat of adsorption, The apparent amount of CO2 
adsorbed was obtained from the weight gain at equihbrium which was Ixing measured 
simuItaneousIy by the ‘I%. Throughout the experiment, equiiibrinm was assumed 
to be attained when no weight change was recorded for 3-4 min and the pressure was 

the eqniiibrium pressure in the sample and balance chamber_ 

Nuciear mapetic resoizance 

The carbon-13 nuclear magnetic resonance spectra of isotopicaI& enriched 
13COz were obtained from six&e resonance eqeximcnts which have been described 
in detail eIsewhere’_ The loading ieveIs of the NMR samples were determined from 
the eqxiI.i.irium partial pressure and from the adsorption isotherm_ 

Dz~erentiai heat of adrorption 

To obtain the actual amount of adsorption from the apparent weight ga@ it 
was necessary to correct for the buoyancy effect at each equilibrium pressure- This was 
achieved by substituting the sample with an approximateIy equal voIume of abxmina 
and repeating the experiment in identicaI fashion as described above_ The buoyancy 
at the lowest pressure point_ p = 0.021 torr, was taken as zero_ 

l&e area of the exothermic peak recorded by the DTA at each pressure was 
measured with a pIauimeter_ In order to determine the proportionality constant 
which relates the peak area to the amount of heat evolved, the DTA sensitivity was 
calibrated at each pressure of CO, according to 

AHm=EA (I) 

where AH is the heat of transition in mc&/mg of the standard, m is the weight (mg) of 
the standard, E the propoitionaIity constant at the pressure of interest and A the area 
of the DTA peak- Thermometric standards,p-nitrotolueneand naphthaIene, marketed 
by Fisher Scientific Company, were used for the calibration, These two standards 
were chosen because their melting temperatures at 53 and SO”C, ‘rupectiveIy, were 



closest to the experimental adsorption tern- The heats of fusion, Srr, (mcalj 
mg), of the two skudards were 6.rst determined in hermeticaIIy scaled almInnm 
pans with a DuPont 990 DSC. Repeated measurements of the standardsindicat.&_.~_ 
that their dH,‘s were reproducible in reheating cycks. Thus, for the Mettier wbc- _ 

tion, the same standard was used for the entire pressure range. The sealed standards 
were placexi in the szss& quartz crucible used to hold the mordaite and another simik 
but empty aluminum pan was placed in the r$erence cruciile of the DTk Since the 
proportionality constant, E, only depends on temperature and pressure and not 
heating rate, the standards were h-ted at O.Z”C~mia in order to optimize our results 
due to the poor thermal conductivity of quartz in vacuum. The sensitivity of the DTA 
and the chart speed of the recorder remained the same as in the adsorptiop experiment 
The E factors at each pressure obtained for the two standards at their melting temper- 
atures (measured by the extrapolated onset of their respe&ve fusion eudotherms) 
Were then eSrapolated to 30°C. 

With the proportionality constant known, the adsorption exotherm area was 
converted to heat by simple multiplication. The result obtained, Qj, was the amount of 
heat due to the adsorption of (Wi - W’_ x) mg of CO,, where W, and Wi_ 1 were~ the 
total amounts of CO2 adsorption at the pressures j andj - 1, xspectively. &xe 

(6 - W,, L) was equivalent to about iOW4 moles of COJg of sample throughout 

TABLE 1 

0.018 
O-046 
0.115 
0.27 
0.55 
0.5X) 
1.90 
S.LO 
10.10 
2o.IO 
40.2 
60.2 
805 
loo_0 
HO.3 
200.1 _ 
400.2 
741.3 

18.173, 
8.845 
5.866 
10260 
129m 
7.953 
8.850 
9.164 
6.749 
9.788 
8.753 
6586 
6.601 
7.791 

1.68 
215 
276 
299 
3.68 

-5.14 
10.71 
16.42 
19.05 
21.63 
24.11 
25.77 
26.92 
27.94 
29.52 
31.03 
.w3 
-38.99 



theentirepnssurcrange, thedifferential heat of adsorptionatpressurej could be 
approximated by 

0 -“J x IO3 x 44 (2) 

Table Z shows theadsorption results obtzined In Fig_ 3, the cZi&mntial heat of 
adsorption, Qo &aZ~moIe) is plotted versus the number of moles of CO, adsorbed/g 
of mordenite. Figure 4 shows the adsorption isotherm for CO, at 30°C. 

Previous results on the %-NMR of COr adsorbedonthesmaZZ-portmordenitc 
indicatkd &at at low coverages the Co, moZecnZes wcfc nonrotating while at hi&- 

cOvez23ges they behaved as anisotropic -rotors =. The nonrotating mowes were. 
_- 
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zeolite crystal, We present here a more detailed study of the NMR spectra of adsorbed 
COz which has been extended to much lower covera_gzs- 

The nuclear magnetic resonance spectra of adsorbed CO2 are presented in the 
center of Fig_ 5 (a)-(l)_ At the lowest loading level stu&d here, l-9 x 10v4 moles/g, 
the NMR spectrum dispia+ a chemical shift dispersion of a nonrotating, axially 
symmetric molecule. This spectrum is shown on an expanded Scale in Fig. 6. The 
separation between the chemical shift tensors is estimated to be 318 + 18 ppm, 
a_greeing remarkably well with the calculated value of 315 ppm for ‘%Ot in a 
perfectly rigid matrix3_ 

Upon increass -ng the coverage to 27 x IO+ moles/g the “CO, resonance can 
be seen to narrow slighdy [Fig. 5(b)]_ A somewhat more informative way to view the 
changes in the NMR spectrum due to the increased coverage can be obtained by 
subtracting the spectrum obtained at the lower loading level from that at the higher 
level resulting in a difference spectrum_ The difference spectrum, Figure 5&-a) corre- 
sponds to the NMR spectrum of the 8 x IO-’ moles of COJg which were adsorbed 
on the mordenite between obtaining the spectra 5(a) and 5(b)_ The mjor component 
of this spectrum has a chemical shift dispersion of about 265 ppm, somewhat less than 

expected for rigid CO2 molecules. In the successive difference spectq Figs. 5&-b), 
5fd-c) and 5(d), the NMR linewidth dv to 175, 140 and IO5 ppm, while 
retaining the chemical shift dispersion of a relatively rigid axially symmetric molecule_ 

Beginning with Fig- 5(f), at a loading level of 1.6 x IO- 3 moles/g, the chemical 
shift dkpersions take on the characteristic shape of an axially symmetric rotor, that is, 
the most intense portion of the resonance shifts from the low fieId to the high field 
side of the spec&um’_ This trend continues to become more pronounced as the loading 
level is increzed towz&s saturation. Near saturation, a narrow iine component of the 
spectra can be seen located at the isotropic center of the chemical shift dispersion_ 

The difference spectra from two regions of the coverage range examined here 
are unique from the others- In the coverage range of about OS-l_6 and l-9-28 x low3 

moles/& the difference spectra dispIays regions of negative area (the baseIine is taken 
as zero) indicating a loss of spectral density upon adsorption of additional CO1_ In 
fw however, the areas in a.Il of the spectra are proportionaI to the coverage indicated 
by the adsorption isotherm so we may conch& that aU of the adsorbed mokcuks 
were observed-T6eIossofspcciraldensiry~onJybeaccountcdforasarearrangrmtnt 
in the chemical shift dispersion of the adsorbed moiecuIcs caused by the addition of 
more moIecuie5_ That is, the rotational behavior of some adsorbed mokcules is 
akred by the adsorption of additional moIecuks_ 

The difkrential heat of adsorption of CO2 on the small-port sodium mordenitc 
displays several pronounced maxima, suggesting a very lxfztfzrogenc~us adsorption 
process. The initial very high heat of adsorption is expected as the Srst molecules 
become situated on the most energetic adsorption sites and Qn steadily decrea~ due 
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to the successive Bling of less energetic sites, The presence of maxima in the d.iEeren- 
tial heat of adsorption curve, however, is quite unuzxal, having only been observed 

for the adsorption of carbon dioxide on mordenite’ and_chabaz@_ 
Some features of the differential heat curve can be ratiouaked by examining 

the emxgeztics of the various intcractious which occur upon adsorption while utilizing 
the nuclear magnetic resonance rcsuits to identify the location of the site and the 
behavior of the adsorbed mokcuks_ 

The %ritial heat of adsorption, which has been well studied’, depends on the 
dispersion and repulsion energies which arise as the CO, approaches the surface a.s 
well as the energies which are due to the interaction between the ekctrostatic ftelds of 
the zolite and the adsorbate- The initial heat of adsorption of COz, which does not 
contain a permanent dipole, is given by 

where the dispersion and short-range repulsion energies are given by a Lennard-Jones 
potential 

- - 

(4) 

where the constants A and B are deter-rnkxi by the lattice structure and the adsorbate -a. 
and r is the equiiibrium separation distance_ The polarization term, $.+, is given by 

where CL is the polarizability of the adsorbate and F the field stren_& The interaction 
between the cation iield gradient and the electric quadrupole moment of the adsorbate, 
#;_* is 

4- F-Q = - -$3cos% - 1) (7) 

where Q is the ekctric quadrupole moment and 8 is the angle between the axes of the 
quadrupole and the field gradient. 

As the concentration of molecules adsorbed on the surf&e increases, one must 
aiso account for interactions between adsorbates Thw. the heat of adsorption at 

higher loading levels will be determined by the-dispersion energy and quadrupok-T-,- 
quadrupok effects for CO,-cO, interactions as well as the CO,-surface interactions 

tesn- (3)3- 



The mutual interaction between CO, molecules may be described by the potential 

4 = Lf& [ (+)” - (+)“I (9) 

where E and r0 are obtained from the second virial coefficients using the Eermard- 

Jones potentials. The interactions between the quadrupole is given by6 

-l- 16sin6,cose,sine*co~~cos(~e,aM(rb - &) i- 2sin2B+in28*cos2(~~ - q5dJ (10) 

where 8, and tit are the angies between the quadrupoIe axes and the line joining their 
centers and (& - &) is the ax&e between the pYanes formed by the quadrupoIe axes 

and the line joining their centers. 
In the region of low covera_% (5 X IOB4 moles/g) where the diff&ential heat of 

adsorption decays smoothly, we can describe the interaction energetics by eqn- (3)_ 

The structure of the mordenite would su&est the presence of two adsorption sites, 
a very energetic site in the side pockets which line the large channel and less energetic 
sites in the large channel itself- If we assume that the adsorption is an equiiibrium 
process, then the sites wiIl be filled in accord with their energy distribution as dictated 
by the Boltzmann function_ Thus, at iow coverage, we expect ‘that the energetic 

side-pocket sites will be filled first. The observed decrease in the heat of adsorption 
would then represent the energy distribution of the side-pocket adsorption tites- 

As expected, the NMR spectra indicate that each successive charge of molecules 
is adsorbed into sites which offer greater rotational freedom and hence, as predicted 

by eqn. (31, must have lower heats of adsorption. Since the NMR Iinewidth of ihe 
chemicai shift dispersion is proportional to the square of the cosine of the angle of 

19 318 NO -28 N-66 N-5.1 
9,7 265 0.41 3.26 -26-6 -48 
3-7 175 a73 357 -15-4 .-4-o --l&O 
5-O I40 0.84 3.66 -132 -3.6 - 85 
11.0 105 0.95 3.75 -11.5 -3.1 - 5-8 

a aco2 =Cl x 10-=clDyj3arti&;ao=1_65~x lcFan=/pmid~xco,'= -30309 x I!)-=; 
x0 = -209 x IO-=_ 

s&gm&g_+&L,)= - 5-l den 8 = 0, 
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rotation., it is possible to estimate the average rotational Geedom of the‘&dsorbed 
mole&es from the difference spectra of Fig 5,- Given in Table 2 are the NMR line- 
widths at various cover-ages and the angle of rotational fdom, 0, caiculated from 

eqn (IQ- 

motional averaged linewidth = _* B 
rigid linewidth OI) 

Since the rotation of the adsorbed CO+ molecule is p resumably restricted by rcpuIsive 
interactions with the adsorption site walls, an average distance between the center of 
the CO2 and tke center of the surrounding iattice oxygens can be cakuiated from 0, 
the O-O distance and the van der Waals radii for CO* molecule. (Use of the van der 
Waais radii rather than the Lennard-Iones or kinetic radii is justified here since the 
latter are deriv&~for isotropicahy rotating molecules). 

With an estimate of the average distamz between tbe adsorbed molecule and 
the cavity walls, r,, it is possible to estimate the dispersion energy from eqn. (4) by 
ch&g an appropriate description for the adsorption site_ In the case of side-pocket 
adsorption, the site can be approximated by a cylindrical pore whose radius to the 
center of the surrounding lattice oxygen atom is given by r,, and has a depth of 5 A as 
determined from crystallographic measure merits. It is also assumed that a net charge 
of one cation resides at the closed end of the pore- The dispersion energy listed in 
Table 2 was calculated from eqn- (4) where A is given by the Kirkwood-Muher 
expression9 

where m is the raass of an electron, c the velocity of light, and ‘J: and Xare the polariz- 
ability and diamagnetic susceptibility of the adsorbamxygen pair- To simplify the 
c&ulation, it was assumed that each of the twenty lattice oxygens which form the 
adsorption pore are equivalent and equally spaced from the COz. An additional eight 
second-nearest neighbors were not included in the calculation. 

The contribution to the beat of adsorption from the field-gradient quadrupole 
in&&on listed in Table 2 was determined by first calculating the relative change in 

4 i_Q due to the a&e dependence of eqri. (7). The VdUe of t&-Q for a CO, mokzcuie 
in intimate contact witha sodium cation in zolit&C has been calculated by Barrer 
and Gibbons*’ to be -5-l kcal/mole- The fieldgradient quadrupole interaction for 
CO, on sodium large-port mordeuite has been estimated’ to be -9 kcalfmole based 
on a corn-n of the isosteric heat of adsorption of the Na” and H+ forms of 
mordenite We believe, however, that the latter value is error~~~ly hig?r since COz 
moIec&s are not adsorbed into the same sites on these two mordcnit&. For this _ 

work, the vdm!z of-l-5-I wmole for f&-Q was chosen for .the heat of adsorption 
whene=o. 

.--6tber contributions to the initial heat of adsorptifm due to repulsion and 



polarization have not been considered here We have assumed that the repulsion 
energy is inSnite when the separation is iess than the van da Waals radii and zero 
when it is greater. The variation in poIarimtion energy is assumed to he small, The 
maximum polarization energy for CO, adsorbed on sodium zeolite-X has been 

ca!cuIatcd’” to be - I.2 kc&/mole. We have also ignored the influence of a GIled 
adsorption site on the energetics of the neighboring adsorption site In fact, eight of 
th,e twenty lattice oxygeus which form the side pocket are shared, four each, with the 
two adjoining side pockets- However, since ncariy one-half of the adsorption capacity 
of the mordenite is in the side pockets, adjoining side pockets need not be filled at low 

coverage_ 
From the results of Table 2 it is clear that the initial decrease in the heat of 

adsorption is consistent with a dispersion of interaction energies due to slight variations 
in the dimensions of the side-pocket adsorption site It is also dear, however, that the 
equilibrium adsorption model does not account for as great a decrease in the differen- 
tial heat of adsorption as was observed nor is it consistent with the occurrence of a 
maximum in the heat of adsorption at increased coverage_ 

The failure of the equilibrium model to describe the adsorptive process can be 
seen from the folIowing argument_ If the system is at equilibrium, then at the coverage 
of I.1 x 10m3 moIcs/g ail of the adsorption sites which are more exothermic than the 
observed differential heat of -6 kcal/moIe must be filled._ If this is the case, then the 

maximum in the dif%rential heat tune which appears at about 2 x IO” moIes/g 

must be due to contributions from the adsorbate-adsorbent interactions (of not more 

than 6 kcal/mole) and from adsorbate-adsorbate interactions as has been suggested by 
other authors’* 6_ An estimate of the mutual interaction energy for a pair of CO= 
molecules can be obtained from eqns, (9) and (IO). Using the Leonard-Jones para- 
meters of Danon and Pitzer” which include the qwdrupole efF&t, the maximum 

disperGon energ is -535 cal/moIe. At the equilibrium separation of 3.85 A deter- 

mined by the above authors, the maximum quadrupole-quadrupol interaction6 is 
-505 caiimole for a total mutual interaction energy of about I.04 kcal/moie. Thus, 
we can account for ouIy about 7 of the 125 kcal/moIe at the maximum using this 
modeL 

Measurements of the differential heat of adsorption on large-port sodium and 
hydrogen mordeniteS indicate the intensity of the maximum increases withincreasing 

temperature and occurs at lower loading IeveIs. These results also seem to he in- 
co&tent with the concept of adsorbete-adsorbate interactions as the cause of the 

differential heat maximum. The faiiure of this model-can he attributed to the assump- 
tion that the adso.-bed molecuIes are at a true equiIibrium and have equzd access to 
both the high energy side-pocket sites and the lower energy s&s in the main channel, 

The maximum in the differential heat cmve is more easiIy expIai.ned by a 
one-dimensional, quasi-equiiibrium model in which both high and low energy 

adsorption sites are spaced periodicahy in the mordenite channel system. We can then 

assume that moIecuIes will be distributed between side pocket (high energy) and 
channel Qow energy) sites and the gas phase, depending on their energy separation. 



However, the distribution wiU not be Boitzmann, since the one-dimensionality of the 

channel system does not allow equal access to each adsorption site except in the limit 

of zero coverage_ In this limit, adsorption will occur predominantly in- the side 
pockets near the opening of the channei system_ At slightly higher coverage, the gas 
molecules entering the mordenite channel system will encounter only a series of.iow 

energy potential wehs as the high energy sites have already been fiiled. Depending 
on the length of the channel which the adsorbate must traverse to find an empty side 
pocket and the difkence in enexgg ievels, there is a finite probability that adsorption 
will occur in the low energy channel sites 

The consequence of this model is that, after a period of adsorption into the high 
ener=T side-pocket sites, some molecules will adsorb in the channel sites and effectively 

restrict further translation of molecules to the other energy-rich sites, creating a 
quasi-equilibrium state_ This state is characterized by the fact that ali of the adsorbed 

moiccuies are in the lowest energy states to which they have access, but there is a 
large number of very energetic sites which are not fihed. To this point, the differential 
heat of adsorption shows a systematic decrease with coverage reflecting the adsorption 
site heterogeneity described above. However, as a function of either temperature or 

pressure, the chemical potential of the gas molecules increases. This reduces the 
potential barrier and allows free translation. When free translation occurs, the pas 
molecules have easy access to the high ener_ey side-pocket sites and very exothermic 

adsorption is observed_ Thus, the presence of a few moieculcs adsorbed in the large- 

channel sites provides a potentiai energy barrier to free translation which must be 

overcome by temperature or pressure of the gas molecules. 
This model successfuliy explains both the position and the intensity of the 

maximum.in the differential heat of adsorption of CO, on mordeuite which were 
observed by ourseives and other autho&_ Further verification that the maximum 
occurs after the onset of free translation in the large channel is obtained from the 
NMR spectra. As noted above, the difference NMR specWum corresponding to the 
initial rise in the difherentiai heat maximum, Fi g 5(f-e), not onIy shows that newly 
adsorbed moIecuies are anisotropicaiIy rotating, but that some moiecules which were 
previousiy nonrotors have also been induced to anisotropicahy rotate. A consequence 
of the anisotropic rotation is that the quadrupole interaction is reduced by a factor 
of four [see eqn, (5)] and the dispersion energy is decreased due to the greater average 

distance between the rotating molecule and the surface_ Since anisotropic rotation is 
not possible in the side pockets, we must conclude that we are observing the change in 

behavior of moicculcs which are blocking the large channel. These rcsuhs suggest a 
decrease in the potentiai energy barrier in the iarge channel and greater mobility of the 
adsorbed molecules. Sharp transitions between bound and freely translating molecuies 
as a function of temperature have been observed by other authors’ ** X 3_ 

The exact origin of the second maximum in the differential heat curve cannot bc 
deduced from our results with certainty_ The difGerencc NMR spectra in this region, 

which indicate also a transition from bound to an&tropically rotating mcleculcs, 
suggest that it may arise in a similar fishion as the first maximuu~ However, with the 
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intensity of this second maximum only on the order of the C02-C02 mutual inter- 
action energy, it is felt that, untiI further experimental evidences could be e.stabIished, 
any conckion on its real cause would be premature- 

With the aid of the differential heat of adsorption and the NMR spectra for 
adsorbtxi carbon dioxide, a one-dimensional, quasi-equilibrium adsorption model has 
been developed_ The model sucGessfIllly accounts for the ftatures of both experiments 
and provides a ix& for understanding the kinetics of catalytic &on on mokcular 
sieves with one-dimensionai channel systems. 


