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Abstract: Monte Carlo simulations on the adsorption of the two model chlorocarbons, chloroform and
trichloroethylene, in three faujasite type zeolites, NaX, NaY, and siliceous faujasite €142, 3.0, ando,
respectively), are compared with the results of calorimetric measurements on the same systems. At low sorbate
loadings, the heats of adsorption increase with increasing polarity of the zeolite host (siliceous faujasite
NaY < NaX), underlining the importance of the dipolar nature of the sorbates. For all six systems, quantitative
agreement is found between the calculated and observed heats as a function of sorbate loading. Decomposition
of the calculated heats into the short-range and long-range contributions shows that-soiizte interactions

are important in all three hosts and lead to an increase in the adsorption heat with coverage in NaY and
siliceous faujasite. The Sllkations play a specific role in the case of zeolite NaX, where a cancellation
between the short-range and electrostatic interactions leads to a heat of adsorption that is invariant with coverage.

Introduction were partially limited by the difficulty of dealing with highly
disordered adsorption sites. Similarly, only preliminary attempts
have been made to model the properties of halocarbons/zeolites

. . . g system$, although a detailed X-ray and molecular dynamics
residues from contaminated groundwater and %ails driving study has shed considerable light on the behavior of 1,4-

the development of new separation and catalytic conversion dibromobutane in Na¥e The chemisorption of halocarbons

processes for halocarbons. Zeolites have recently been recods. . oolites has recently been investigated by FTIR spectroscopy,

hized as interesting alternatives to other separatio_n media .Sucnncluding a new method for characterizing the zeolite basicity
as acnvate(_j carborfs!. As a consequence, a need is EMETYING #om chioroform adsorptiohand a study of chloroethylene in
for developing a better understanding of halocarbon adsorption ~ .\, 0168 | the present work, we use the combination

;n ;E?Agefhgﬁeﬁsn;oﬁgﬂs r()}[%";:m,{k’/g'i‘f ;ﬁﬂg%gﬁ:&;ﬂ:ﬁ& of thermodynamic measurements and Monte Carlo simulations
Y : P that utilize a newly developed force fiéltb treat some model

relat!ng to halocarbon t_)ehawor in zeolites. l_:or example, in systems, chloroform and trichloroethylene in siliceous faujasite,
previous structural studies by X-ray powder @ffrac;tfbhoth . NaY, and NaX. Faujasite-type zeolites are acknowledged to
the accuracy and the completeness of the sorption site geometrle%xhibit powerful catalytic properties and high performance in
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T University of California. of the halocarbon adsorption under equilibrium conditions by

*University of Pennsylvania. : . - .
'Present address: Universile Versailles Saint-Quentin-En-Yvelines, probing the influence of parameters such as the Si/Al ratio, the

Institut Lavoisier, 45 avenue des Etats-Unis, 78035 Versailles Cedex, France._cat_ion content, and the_sorbate loading. The reS_U“S yield new
(1) Manzer, L. E.Sciencel99Q 249 31. insight into the energetics and structures of zeolite/halocarbon

(2) Hutchings, G. J.; Heneghan, C. S.; Hudson, I. D.; Taylor, Sl&iure m nd their im n th ntial lication f
1996 384, 341. See also: Mukhopadhyay H.; Moretti, E.@urrent and systems and the pact on the potential applications o

Potential Future Industrial Practices for Reducing and Controlling Volatile ~N@noporous materials for separation purposes.
Organic CompoundsAmerican Institute of Chemical Engineers, Center There are three central elements to the interaction between
for Waste Management; New York, 1993. chlorocarbons and zeolites: (i) strong van der Waals-type

(3) Zarchy, A. S.; Maurer, R. T.; Chao, C. C. U.S. Patent No. 5 453 . . .
113, 1994. Corbin D. R.; Mahler, B. A. World Patent, W.O. 94/02440, attractions between the polarizable chlorine atoms and oxygens

Environmental issues relating to ozone-depleting chlorofluo-
rocarbons (CFC$)and to the removal of chlorinated solvent

19£(a4). | A ) of the host framework, (ii) electrostatic interactions between
4) Alvarez-Cohen, L.; McCarty, P. L.; Roberts, P. Environ. Sci. i ;
Technol1993 27, 2141, Weber. G.- Bertrand, O.. Fromont, E.: Bourg, S.: the c_hlorlnes and the nonframework cations, and (iii) _hydrogen
Bouvier, F.; Bissinger, D.; Simonot-Grange, M.-B. Chim. Phys1996 bonding between hydrogens and framework oxygens in the case
93, 1412.

(5) (@) Gameson, |.; Rayment, T.; Thomas, J. M.; Wright, PJ.A2hys. (6) George, A. R.; Freeman, C. M.; Catlow, C. R.Zeolites1996 17,
Chem.1988 92, 988. (b) Kaszkur, A. Z.; Jones, R. J.; Couves, J. W.; Waller, 466.
D.; Catlow, C. R. A.; Thomas, J. M. Phys. Chem. Solid$991, 52, 1219. (7) Xie, J.; Huang, M.; Kaliaguine, SReact. Kinet. Catal. Lett1996
(c) Kaszkur, A. Z.; Jones, R. J.; Waller, D.; Catlow, C. R. A,; Thomas, J. 58, 217.
M. J. Phys. Cheml993 97, 426. (d) Grey, C. P.; Poshni, F. |.; Gualtieri, (8) Chintawar, P. S.; Greene, H. 0. Catal. 1997 165 12.
A. F.; Norby, P.; Hanson, J. C.; Corbin, D. BR. Am. Chem. S0d.997, (9) Mellot, C. F.; Davidson, A.; Eckert, J.; Cheetham, A. X.Phys.
119 1981. Chem.1998 102, 2530.

S0002-7863(98)00107-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 05/30/1998



Chlorocarbon Adsorption in Zeolites

Chloroform Trichloroethylene
+0.172 -0.054
—0.064 = 0.036
-0.068 -0.022
Methane Ethylene
+0.0175 +0.167 +0.167
-0.07
+0.0175 -0.334 -0.334
+0.0175 (W)
+0.0175 +0.167 +0.167

J. Am. Chem. Soc., Vol. 120, No. 23, 1928

Na cations in 32 sites Shnd 32 sites Sll and using our recent procedure
for the placement of the 24 extra Na cations in sites' SillWe are
aware that, by keeping the cation distribution fixed during the Monte
Carlo runs, we are unable to allow for any cation movement that may
happen upon adsorption. Future theoretical development should make
this possible. In each system, the number of guest moledvjesas
varied from a single molecule per unit cell up+80—40 molecules

per unit cell, so as to reproduce the variation of loading in a fashion
similar to the calorimetric measurements. All average energies were
obtained over (£2) x 1(f iterations, after an equilibration period of
(100-200) x 10° steps, with a short-range summation taken up to a
cutoff radius of 12 A and an Ewald summation regarding the
electrostatic term. The software of the MSI Catalysis and Sorption
Consortium was used for these simulatiéhs.

Experimental Methods

The microcalorimeter for these measurements was the same
Tian-Calvet instrument used in an earlier study of adsorbates
on silicalitel” The sample and reference cells were Pyrex cubes,
2.5 cm on a side, which were surrounded by thermopiles on
the bottom and four sides. Each samplel(g) was pressed
into wafers and placed into the sample cell. The corresponding

Figure 1. Estimated partial atomic charges for chloroform and dry weights of the samples, used in the calculations of loading,

trichloroethylene, compared with their hydrocarbon analogues, methane

and ethylene (see text for details).

of hydrochlorocarbons. We have recently developed a new

force field that embraces all of these featuteBarameters for
the short-range hosguest interactions were obtained from
values for Ar and hydrocarbons in various zeolies. Regard-

ing long-range interactions, framework partial charges were

based upon previous computatioi¥and high-resolution X-ray
diffraction studie®® and sorbate charges were derived from first

principle calculations and scaled so as to reproduce the

experimental dipole moments. Details of the force field have
been published elsewhetéut we wish to stress that no fitting

to experimental data on halocarbons was used in the derivation

of the parameters.

were determined from TGA measurements. The samples were
then degassed by ramping the temperature of the sample cell
from 20 to 110°C, in a vacuum, over the course of 12 h, after
which the temperature was further ramped to 360over the

next 12 h. Finally, the sample was held in a vacuum at350

for an additional 12 h. After the sample was cooled to room
temperature, adsorbates were dosed on to the samples by
injection of vapor from a 50-cAdosing loop on a six-way valve.

As discussed elsewheté calibration of the instrument was
accomplished by using the baseline shift measured when a
current was passed through a Pt wire placed between the Pyrex
sample cell and the thermopiles. The calibration was confirmed
by using heats of adsorption of ethane in silicalite estimated
from adsorption isotherms. The preparation of the siliceous
faujasite sample has been described previotithe Si:Al ratios

There are interesting contrasts between the behavior of
hydrocarbons and chlorocarbons in zeolites, which can be
identified as arising from two main sources. First, the molecular
polarity is essentially inverted between the two types of systems
(Figure 1), as a consequence of which there are striking In Figure 2a, the calorimetric heats of adsorption of chloro-
differences in the disposition of halocarbon molecules within form at room temperature are compared with the values obtained
the zeolite cavities, especially in relation to their interactions With our Monte Carlo simulations in the three hosts, siliceous
with cations and the specific role of the hydrogen atom. Second, faujasite, NaY, and NaX. Our simulations capture our experi-
since the magnitude of van der Waals interactions is determinedmental findings remarkably well, as shown by the excellent
by the polarizability of the sorbate, it is expected to be agreement for all three hosguest systems. Two dominant
considerably enhanced in the case of CH@hen compared to  features of chloroform adsorption are revealed: (i) an increase
the hydrocarbon analogue, GHThe ambient, zero-loading in adsorption energies over the whole loading range in the
adsorption heats of CHn NaY (15.2 kJ mol )14 and CHC} sequence siliceous faujasiteNaY < NaX (the slight decrease
in NaY (53 kJ mol?) are particularly illustrative of this point. ~ thatis observed at low loadings in siliceous faujasite is probably
due to a low concentration of silanol defects) and (i) an increase
in adsorption energies of more than 10 kJ mblpon loading
in siliceous faujasite and NaY, in contrast to the chloroform/
NaX system which shows a relatively flat profile.

To elaborate on these two important features of chloroform
adsorption, the total hosguest interaction energies were
decomposed into their short-range and long-range components
(Figure 2b-d). Since the short-range interactions are very

of the NaY and NaX samples were 2.6 and 1.2, respectively.

Results and Discussion

Computational Methods

Our Monte Carlo simulations used the Metropolis scheme in the
canonical ensemble, at a constant voluvhand temperatur@. The
three zeolite hosts were modeled as follows: (i)ofks4 for the
siliceous faujasite, (i) N@Al 48511440384 for NaY, placing the Na cations
in 16 sites Sl and 32 sites SlI, (iii) M&\lgsSi1040354 for NaX, placing
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Figure 2. (a) Observed and calculated heats of adsorption of chloroform at room temperature in the three zeolite hosts, siliceous faujasite, NaY,
and NaX (b, c, d) Calculated heats of adsorption for siliceous faujasite, NaY, and NaX decomposed into their short-range and long-rangesontribution
similar in magnitude in all three hosts, the higher affinity of
chloroform for the more polar zeolites clearly stems from the
stronger electrostatic interactions occurring in these cation-
containing systems; at zero loading, the electrostatic interactions
consist of 47% of the total adsorption heat in NaX, 24% in
NaY, and 11% in siliceous faujasite. This establishes the role
of the chloroform dipole moment (1.06 D) in the adsorption
process in terms of its interaction with the electric field generated
by the structure. In NaY, our calculations show clear evidence
for the three interactions mentioned above: (i) short-range
Cl---O,e0iite interactions (ii) electrostatic &FNa(Sll) interac-
tions, and (iii) H+*Ocoiite hydrogen bonding. This system has
been described in detail previouslyln the case of NaX, our
results point to the possibility that the Na cations in site'SlII
are involved in additional interactions with the sorbate, in
comparison with NaY. With the aim of unambiguously
elucidating the role of Sllisodiums in the adsorption process,
the location of chloroform was investigated by docking and
energy minimization calculations (at zero K) in the NaX
structure. We show a typical binding site geometry in Figure
3, where new features in comparison with siliceous faujasite
and NayY are clearly visible. The attraction of the chlorine atoms Figure 3. Binding site geometry for chloroform in zeolite NaX,
toward the Na cations in sites Slttontrols the orientation of ~ estimated from Monte Carlo docking calculations (zero K).

the molecule in the 12-ring window, leaving Cl atoms at a chloroform to accommodate CiO,¢iie Van der Waals interac-
distance of 3.2 A from these cations. This position still allows tions and C-H---O.eqiite hydrogen bonding in a fashion similar
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/\’—‘/ cations, thus leading to a cooperative decrease in the electrostatic
0 ‘ , , , interactions. By contrast, the flat profile of the electrostatic

0 1 2 3 4 5 term in both siliceous faujasite and NaY reflects a potential
Figure 4. Partial radial distribution functions for chloroform in zeolite ~ Surface that is reasonably uniform with respect to the electric
NaX, taken from the room-temperature Monte Carlo simulations at low field.
loading (1 molecule per unit cell). Distinct features in the @ and The flat heat profile observed for NaX could be interpreted
H—O figures arise from hydrogen bonding. (incorrectly) in terms of Langmuir's theory as adsorption of
molecules on a set of equivalent and independent sites without
to that in siliceous faujasite and NaY. The coexistence of these interactions between bound molecules. However’ the frequenﬂy
three interactions, even at room temperature, is nicely illustrated ghserved constancy of the heat of adsorption in zedfities
by a Series Of partial radial diStributiOI’] fUnCtiOnS taken from actua”y due to internal Compensation Of the Competing effects
our Monte Carlo simulation at zero loading (Figure 4). of surface nonuniformity and attractive gagas interactions.
In terms of the variation of adsorption heat with sorbate Although the cancellation of errors inherent in the Langmuir

coverage, all three systems (Figure—2t) show an identical ~ model is well-knowr?® Figure 2d is the first interpretation of
increase in the short-range contributions with increasing cover- this phenomenon with a detailed molecular model.

age that arises from the changes in the chloroform distribution | order for our model to be of general utility for chlorocar-

as a function of loading. At the zero-loading limit, chloroform - pons in zeolites, it is important that it should be transferrable
is typically adsorbed in the region of the 12-ring window where 4 gther zeolite hosts and to other sorbate molecules. The data
it can benefit from the different interactions described previ- o trichloroethylene in our three faujasite hosts, presented in
ously. As the loading increases, an additional contribution t0 Figyre 5, demonstrate clearly that it is indeed quantitatively
the total energy arises from intermolecular attractions between yansferrable to the case of unsaturated chlorocarbons. The only
chloroform molecules detected by frequent-€Ll van der changes from the chloroform calculations are those pertaining

Waals contacts throughout the Monte Carlo simulations, al- 1 the partial charges of the sorbate itself (see Figure 1). The
though the local framework environment of each chloroform  hree driving forces identified with chloroform adsorption are

molecule is largely maintained. This aggregation effectis of @ 550 dominant in the case of trichloroethylene. Details will be
purely dispersive nature, arising because of the high atomic plished elsewher@. In future publications, we shall show

polarizability of the chlorine atoms, and leads to an inhomo- 4t our model is also applicable to other hosts such as ZSM-5.
geneous and disordered distribution of the sorbate molecules |~ .0 1ision our results show that a simple, well-

over the micropores. . - .
P parametrized model, comprising Lennard-Jones and Coulombic

On ?C?Ouan_Of the abr?v?l findi?_?s% thﬁ casel OJ NaX is terms; affords a quantitative description of zeolite/chlorocarbon
particularly striking since the flat profile for the total adsorption ¢uqte's over a range of host composition, sorbate type, and

heats obtained in this case (Figure 2d) suggested, in the firstgg hate 10ading.  Furthermore, the simulations provide an
instance, the possibility Of a d|_ffere_nt _adsorpt|on ProCeSS. important bridge between the structural and thermodynamic
However, the Monte Carlo simulations indicate that aggregation ¢o a1 res of systems that are virtually impenetrable by conven-
takes place in exactly the same way in all three hosts, as shownyjo o giffraction methods. The challenge now is to harness
by the similar slope of the short-range term as a function of o power of this approach in the design, at a fundamental

coverage in the_t_hree systems. Unexpectedly, howe\_/e_r, and inmqlecular level, of zeolite-based separation processes for
contrast to the S|I|c_eous faujasite and NaY systems, this increasg, 5 ocarbon molecules.

is canceled out in NaX by a decrease in the electrostatic

interactions over the whole range of loading. We believe that ~ (19) valenzuela, D. P.; Myers, A. LAdsorption Equilibrium Data
this diminution in the electrostatic term reflects the limited Handbook Prentice-Hall: Englewood Cliffs, NJ, 1989.

availability of the favorable sorbate locations of the type shown Buﬁtzeor?lv\g?t‘#‘%o%o’\g-?1(;%02‘”‘9”' A. D.Physical Adsorption of Gases

in Figure 3; as the loading increases, the sorbate molecules are™"(21) meliot, C. F.; Cheetham, A. K.; Harms, S.; Savitz, S.; Gorte, R. J.;

forced to occupy less favorable sites with respect to thé Sl Myers, A. L. Submitted for publication.
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