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Abstract: Adsorption isotherms are reported for HZSM-5 and silica gel using a series of gas adsorptives at
several temperatures above their critical temperature. The data are analyzed with a new multiple equilibria
adsorption model producing equilibrium constarkg,(capacitiesj), and enthalpies{AH;) for each of the
processes. Unlike the amorphous adsorbents studied earlier, which contain a distribution of pore sizes, zeolitic
materials have uniform pore dimensions. This uniformity provides a test of our interpretation of the number

of processes required in the isotherm fits of the multiple equilibrium analysis, MEA. As expected from the
two pores in the structure of HZSM-5, most adsorbates require two procdésgg dnd Kz aq9 to fit the
adsorption isotherms. HZSM-5 is compared to amorphous carbonaceous adsorbents, revealing fundamental
differences in their behavior. Small cylindrical channels in HZSM-5 lead to an unfavorable entropic contribution
from restrictions imposed by adsorptive packing and interactions with the channel walls. The pores of the
carbons studied (Drago, R. S.; Kassel, W. S.; Burns, D. S.; McGilvray, J. M.; Lafrenz, T. J.; Showalter, S. K.

J. Phys. Chem. B997 101, 7548-7555) are slit-shaped, leading to less restriction and larger equilibrium
constants. For several adsorbates, the greater enthalpic interactions in the small HZSM-5 pores are accompanied
by lower equilibrium constants than in the larger pores because of unfavorable entropic contributions. Finally,
the larger total micropore volumes of the carbons studied for these adsorptives (Drago, R. S.; Kassel, W. S.;
Burns, D. S.; McGilvray, J. M.; Lafrenz, T. J.; Showalter, S. XK.Phys. Chem. B997 101, 7548-7555)

result in increased capacity compared to HZSM-5. The process capacities from MEA{hatgconverted

to pore volumes using the molar volume. Surface areas are calculated from molecular areas of the adsorbates.
Pore volumes and surface areas calculated from the process capacities are compared to those from conventional
N2 porosimetry and are shown to provide a more detailed and more accurate assessment of areas and volumes.
These results show that MEA has the potential of becoming a standard characterization method for microporous
solids that will lead to an increased understanding of their behavior in gas adsorption and catalysis.

Introduction different model and eliminates the assumptions reqgited
apply the Langmuir model to binding at a solid site. Thef

eq 2 provides the process capacity of an equilibrium process
that involves adsorbate similar size pores undergoirgimilar

Equation 1 describes the physisorption of a gag), Ay a
solid surface, &. An adsorption equilibrium constari, for

ST A= SAy (1) ﬁ]noelggiies of interaction with the solid and neighbor adsorbate
ules.
eq 1 can be Written and rearranged to give é&mheren is In the firSt two papers Of thIS Seriéé,it haS been ShOWh
that, for porous carbonaceous materials, a simple one-process
nK[P] model does not adequately describe adsorption isotherms for
[SAls= TK[P] 2 gases above their critical temperature and up to 1 atm of external

pressure. Several equilibria like that in eq 1 may be involved,
the capacity for adsorption, [SA]s the total amount of A and summation of expressions like eq 2, to accommodate
adsorbed per gram of solid, aidis the equilibrium pressure,  multiple adsorption processes, leads to eq 3. Each of the
atm, of gaseous A in equilibrium with the solid. The novel
feature of our approach is the treatment of nonspecific adsorption nKi[P]
by this distribution type of equilibrium constant (like a distribu- [SAls= ZW ©)
. > ! . [Pl
tion coefficient) that refers to a process and not to a specific, !
isolated binding site on a planar surface. Thus, though eq 2 isadsorption processes is treated by a separate equilibrium

similar in form to the Langmuir equation, the MEA derivation, ¢qonstant, and the total adsorption isotherm is the sum of the
with n defined as a process capacity, leads to a conceptuallyjnqividual isotherms for eachprocess.
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measuring adsorption isotherms at several temperatures. Thartifact. The defined porosity, HK complications and exten-
values fom; 545 like solid densities, are essentially temperature sive literature on theoretical modeling make the study of zeolites
independent; therefore, new temperatures introduce as unknowngn important challenge for the development of our model.
only the newK; agsfor each process. Adsorption measurements  For most adsorbates that do not undergo specific interactions,
at several temperatures not only provide meaningful equilibrium the extension of MEA to HZSM-5 requires two processes. The
adsorptiorK andn values, by a better definition of the minimum K andn values for various size probe molecules provide added
in a least-squares data fit, but also provide enthalpies of insight regarding the influence of pore dimensions on adsorbent
adsorption for each process via the van't Hoff equation. In affinity and capacity. The trends observed in the MEA
contrast to the BET model, the MEA model fits the total parameters for different adsorptives show patterns expected for
adsorption isotherm at each temperature and provides equilib-an adsorbent with defined porosity and in so doing support our
rium constants, capacities, and enthalpies for each adsorptiorclaim that MEA is not meaningless data fitting with multiple
process. The capacity of the solid for the various processes,parameters. Instead, the resulting thermodynamic data, pore
niads Mol g%, can be converted to accessible pore volumes for volumes, and surface areas for the different adsorptives provide
the different processes using the adsorbate’s molar volume, anda characterization of adsorption by solids that is unique in the
for monolayer coverage, the corresponding surface areas utilizeddetail provided. The MEA characterization of microporous
can be determined from adsorbate molecular areas. HZSM-5 and Fisher silica gel, materials of similar composition,

The different equilibria correspond to adsorption in pores of affords a dramatic comparison of the influence of porosity on
different sizes. In the absence of dor@icceptor interactions,  the adsorption process.
the smallest accessible pores are expéctedhave the more _ )
negative enthalpy and the largest pores the less negativeExperimental Section
enthalpy. In an amorphous solid containing a distribution of  Gases. The gases CH CO, GHs, CsHs, and DME (99.99%) were
pore sizes, like carbon, the sizes of the pores utilized for the purchased from Matheson Gas., k99.99%) was purchased from
different processes will vary with the sorptive size. Studying Liquid Air, Inc. Sulfur hexafluoride (S§f was purchased from Aldrich
a solid with regular, known pore dimensions will provide a test Chemical. All gases were used as received without further purification.
of the MEA by checking the relation between the structure and ~ Solid Characterization. Silica gel was purchased from Fisher
the number of processes needed to fit the isotherm. Such aScientific (lot no. 934403), and HZSM-5 (Si/At 53) was donated by
porous, crystalline solid is provided by the aluminosilicate PQ Corp. Carbon and nitrogen analyses were performed by the
HZSM-5 which consists of straight channels and intersecting UniVersity of Florida elemental analysis laboratory. The HZSM-5

. - . . contained 0.61% carbon which corresponds to 0.05 mmol of template

pe.rpgndlcula}r zigzag channéis. The dimensions of the or 0.5 mmol of carbon from residual alkoxide. Nitrogen at 0.25% is
elliptical straight channel are reported as 5.%.6 Aandthose | iin the 0.4% limit of the analysis. Silica gel gave no carbon or
of the intersecting, sinusoidal channel as &.5.4 A0 June nitrogen. In view of the small amount of impurities, the solids, as
et al'! calculate that the intersections of the zigzag and straight received, were degassed under vacus* Torr) for 8 h at 200°C
channels of silicalite will lead to roughly 9.0 A voids. The and then studied. The infrared spectrum of HZSM-5 subjected to these
different channel dimensions should lead to at least two different drying conditions showed no bands from water or ammonium ions.
affinity adsorption processes and allow us to determine if MEA  For comparative purposes, surface area and pore volume data were
can distinguish them. measured with Nadsorption at 77 K using a Micromeretics ASAP

There are additional advantages to studying HZSM-5. Though 2000 9as a}QaIy;er. Surface areas are reported using a five-point BET
aplications of zeolitdd1? as shape selective catalvsts and calculation:® Micropore volume was determined using the Harkins

PP shap - talys Jurat-plot model with thickness parameters from 5.0 to 10.8°A.
adsorbents are related to zeolite porosity, determination of the

" . . ; ."“Macro- and mesopore volumes were calculated using the Barrett
pore volume is not straightforward and remains uncertain. Saito joynerHalenda (BJH) desorption curve.

and Foley* reported adsorption isotherms for nitrogen and argon  Adsorption Measurements. Gaseous uptake measurements on
at 77 K on high alumina content HZSM-5 samples (SifAl porous silica gel and HZSM-5 were performed on a Micromeretics
23). Using the HorvathKawazoe, H-K, model to calculate ASAP 2000 instrument with chemisorption/physisorption software
the pore size distribution, an observed single transition in the employing a 47-point pressure table ranging from 0.1 to 760 Torr on
isotherm resulted in a calculated pore diameter of 5.5 A. At samples degassed for 8 h. The system was considered to be at
higher Si/Al ratios (70 and-400), the 5.5 A pore transition is equilibrium when the pressure change was less than 1% of the selected
also found, but in addition, a second transition is observed in pressure pqint in a 10 s equilibration time interval. Pr_essure tolerances
the isotherm corresponding to a calculated pore diameter of 7 7were 1% with the 10 Torr transducer and 1 mmHg with the 1000 Torr

A This | di t ted to b ist ttransducer. Low-temperature baths, consisting of a solvent/liquid
) IS larger pore diameter was reported to be a nonexisten nitrogen mixture, were required to collect isotherms at low tempera-

turest® Studies involving condensable gases (ethane, propane, DME,

(5) Everett, D. H; Powl, J. CJ. Chem. Soc., Faraday Trans.1B76

72, 619. and Sk) required elevated temperatures that were obtained with
(6) Breck, D. W.Zeolite Molecular Siees John Wiley & Sons: New insulated heating mantles which maintained the temperature to within
York, 1974. +1 °C. All measurements are carried out at or above the critical
(7) Chen, N. Y.; Degnan, T. F.; Smith, C. Molecular Transport and temperatures.
Reaction in ZeolitesVCH Publishers: New York, 1994. , Equilibrium Analysis. The measured isotherms were analyzed
& é%)ngy eNr,evAv. égrll(nt;%%lé?t'on to Zeolite Molecular Sies John Wiley using eq 3 by a procedure that was previously descifeth using
(9) Jansen, J. C.,'Stocker, M., Karge, H. G., Weitkamp, J., Atignced this equation, the minimum number of processes required to obtain a
Zeolite Science and ApplicatianBlsevier: Amsterdam, 1994; Vol. 85. good data fit are utilized. A detailed explanation of the criteria for
(10) Olson, D. H.; Kokotailo, G. T.; Lawton, S. L.; Meier, W. M. selecting the correct number of processes is repdfte@dne starts the
Phys. Chem1981, 85, 2238.
(11) June, R. L.; Bell, A. T.; Theodoro, D. N. Phys. Chenml99Q 94, (15) Brunauer, S.; Emmett, P. H.; Teller, . Am. Chem. Sod.938
1508-1516. 60, 309.
(12) Bhatia, S.Zeolite Catalysis: Principles and Applicatian€RC (16) Harkins, W. D.; Jura, Gl. Am. Chem. Sod.944 66, 1366.
Press: Boca Raton, FL, 1990. (17) Barrett, E. P.; Joyner, L. G.; Halenda, PJPAmM. Chem Sod951,
(13) ller, R. K.The Chemistry of SilicaJlohn Wiley & Sons: New York, 73, 373.
1979. (18) Gordon, A. J.; Ford, R. AThe Chemist's Companipdohn Wiley

(14) saito, A.; Foley, H. CMicroporous Mater.1995 3, 543-556. and Sons: New York, 1972; p 451.
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Table 1. Physical Properties of Adsorbents LA B L BN NN BN
Fisher SG PQ-ZSM5 0.0020 :_ -42°C Adsorption Data _:
BET surface aregm?/g) 508 402 .
pore volume (mL/g) 2 00015 .
microporé 0.02 0.14 o H j
mesopore 0.33 0.17 4 - i
macropore g o000 7
£ L ]
a Surface area and pore volume data are fronpdrosimetry at 77 H v o E
K. b Micropore volumes calculated from the Harkinturat-plot model. 0.0005 on ]
¢Meso- and macropore volumes calculated from Batrédtyner- 2 ]
Halenda (BJH) desorption data. Y A R SO TN IR R
0 02 0.4 06 08 10
MEA by taking each individual data set and graphing iPag/moles Pressure [atm]

adsorbed v®,m For one adsorption process, eq 3 reduces to a straight Figure 1. Adsorption isotherms for the small molecules-at2 °C on

line with the slope of the line equal torLAnd the intercept equal to ~ HZSM-5. The symbols are the experimental data points, and the solid
1/nK. The graphs of the individual data sets are curved and not linear, lines are the calculated isotherms from the MEANdK values.
indicating multiple processes. Linear regions can be found in the curved

plot and a linear regression performed on these regions to obtain a 0.0020 T T T
rough estimate ofi andK for the processes. The data sets at different
temperatures introduce nekly.qsvalues for each process, but thegs
values from these plots remain fairly constant for the different
temperature data sets of a particular probe. ThedK values obtained

for each process from the linear portion of the isotherm are then used
as seed values in a modified least-squares minimization, simplex fitting
program which has been designed to simultaneously fit the combined
temperature sets of adsorption data for a particular adsorptive. Low- 0.0005
temperature data provide the most accunmatand K; .45 Values for

0.0015

0.0010
# Ethane 75°C

moles ads. / g solid

® Propane 75°C

process 2, whereas higher temperatures provide more accurate values v SF, 80°C
for process 1. This is reflected by examining the data fits where the Fy /A IR BN RN IR BT
process 1 capacity at low temperature is filled within the first two or 0 0.2 0.4 06 08 10 12

three pressure measurements, providing little information to calculate Pressure fatm]
the process 1 parameters. However, most of the isotherm at low Figyre 2. Adsorption isotherms for the larger molecules on HZSM-5.
temperature corresponds to process 2, leading to an accurate determithe symbols are the experimental data points, and the solid lines are

nation of these parameters. Experiments at higher temperature will the calculated isotherms using theandK values from the MEA.
not adsorb as much of the gas at or below 1 atm, leading to a more

extensive data set for determination of the process 1 parameters. of at least two processes is expected because two different

) ) channels exist, one straight and one zigzag, with different
Results and Discussion dimensions.

The temperature dependence Kfyqs gives the enthalpies
(—AHi a4 and entropies{AS aq9 for the processes via the van't
Hoff equation. These results are summarized in Table 5, and
the InKjy agsvs 1/T(K) plots for HZSM-5 are shown in Figure
3. The linearity of these and reported pltts well as resulting
enthalpies whose magnitudes are those expected for physisorp-

Silica gel (amorphous) and HZSM-5 (crystalline) have similar
compositions but different porosities. Fisher silica gel is
reported to consist of a distribution of mainly mesopores. X-ray
data indicate that the channels and voids from channel intersec
tions in HZSM-5 have fixed dimensions and are microporous.
In contrast to these conclusions from X-ray data, results from = ) )
standard M porosimetry would lead to the incorrect conclusion tion Processe support our contention that meaningful ther-
that our sample of HZSM-5 contains comparable volumes of Modynamic parameters result from the model.
micro- and mesopores (Table 1). The BET surface area of 402 Summary of the HZSM-5 Thermodynamic Data. The
m? gL is also uncertain, for it is reportédhat shortcomings ~ Process designatiéfigives the order of pore filling and assigns
of the BET model can lead to prediction of too large of a surface the lowest number to the process with the largest equilibrium
area for microporous solids. Thus, MEA of HZSM-5 using constant. In earlier studies of amorphous car_bons, the Iowgr
nonpolar adsorbates of varying dimensions and shapes abovdlumbered processes also were more exothermic, corresponding
their critical temperatures not only will provide a test of the 0 adsorption in the smaller pores of the solid. Process 1
significance of the MEA parameters but also can offer an corresponded to pores that are near the size of the gas adsorptive

alternative to BET for surface areas and to theH-plot and ~ @nd had the greatest enthalpy of interactiem\t:) because
BJH for determining pore volumes of porous solids. the adsorbed molecule interacts with both walls of the slit-shaped

carbon pores. Process 2 pores are-1L.2 times as large, and
process 3 pores are above 1.4 and below 2 times the size of the
gaseous adsorbate. Decreased interaction with the opposite wall
é\ccompanies increasing pore size. Comparison of the diameters
of the probes (Table 2) suggests that the small channel diameter
of HZSM-5 is large enough to accommodate; 8Rd 1.5 times
larger than the diameter of the smaller gas molecules studied.
S1’hus, in contrast to carbon where the adsorbate selects those
pores with comparable dimensions for process 1 from the

Adsorption Isotherms. Experimental adsorption isotherms
for HZSM-5 (Si/Al = 53) are given by the points in Figures 1
and 2, and sample data fits are illustrated by the solid lines.
The physical properties of the adsorbates used are summarize
in Table 2. The temperature dependd&atgs values for all
systems studied are listed in Table 3. The calculatggdvalues
are listed in Table 4. Measurements at several temperature
for most gases show that in the absence of dewagceptor
interactions two processes are able to fit the adsorption data to

experimgntal accuracy. Criteria have b?en repd?tédr (19) White, M. Heterogeneous Catalysi®rentice Hall: Englewood
determining the number of processes required. The existencecliffs, NJ, 1990.
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Table 2. Summary of Gases and Physical Propetties

dipole molar critical normal molecular molecular

probe MW  polarizabilit’ moment volume  temp boiling AH, AS, van der Waals  ared radiug
gas (g/mol) 8 (D) (mL/mol) (°C) point °C) (kcal/mol) (cal/(mokK)) const @) (A?) A

N 28.01 1.74 0 25.02 -146.9 -—195.8 1.332 17.22 1.390 1527 2.149
(6{0] 28.01 1.95 0.13 28.28 —140.2 -—-1915 1.443 17.67 1.485 1577  2.238
CH,4 16.04 2.59 0 29.74 —82.60 —161.5 1.96 175 2.253 1626 2.276
CoHs 30.07 4.47 0 47.21 32.3 —88.6% 3.51 19.0 5.489 24.01 2.655
CsHs 4410 6.29 0.084 64.53 96.7 —42.1 4.54 19.6 8.664 28.27  2.946
Sk 146.05 6.54 0 77.04 4555 —63.8,, 4.08 195 7.365 31.17 3.126
DME  46.07 5.16 1.3 56.36 127 —249 5.13 20.7 8.073 26.46 2.816

2 Lange’s Handbook of Chemistr3th ed.; McGraw-Hill: New York, 1985. All data are from this source unless otherwise speéifiesthdbook
of Chemistry and Physic31st ed.; CRC Press: Boca Raton, FL, 199%cClellan, A. L. Tables of Experimental Dipole Momen®W. H. Freeman
and Co.: San Francisco, 196®Due to contradictions in the literature values, molar volumes, surface areas, and molecular radii of the adsorbates
are calculated using ZIND®&. ¢ N,, CO, CH, and GHg, z-axis parallel to plane. §£1s and DME, z-axis perpendicular to plane. §&nd F face on
plane. Other orientations are possible: for CO, specific interactiparpendicular to plane, 11.32%or CH,, (2) H atoms in contact with a plane,
15.35 &; for C;Hs, (3) H atoms in contact with a planeperpendicular to plane, 19.322ASee the text and ref 22 for more discussiohhere
is no literaturea value for Sk, so all van der Waala parameters were recalculaldbm critical constant8.A linear least-squares regression was
performed on the reportaaivalues and those calculated from the critical constants, givirigf @alue of 0.999. Tha value for Sk was interpolated
from the least-squares linéBarrow, G. M.Physical ChemistryMcGraw Hill, New York, 1988; p 42.

distribution of pore sizes available in an amorphous solid, with 1 and 2, respectively, for Nindicates that similar
process 1 with pores of fixed dimensions, as in zeolites, will nonspecific interactions are involved.
correspond to different types of adsorbate wall interactions for A plot of the enthalpy of adsorption vs the entropy gives a
different size adsorbates. poor correlation when data for all the processes are combined.
The diameter of the HZSM-5 channel does not allow two Except for methane, the largerAH process for each adsorptive
molecules to occupy positions adjacent to each other spanninghas a larger-ASvalue. This is the expected trend except that
the channel diameter, even for molecules as small as N the increases irrASfor the more negative enthalpy processes
Therefore, a single molecule is expected to adsorb on theare too large to fall on the same line as those for the smaller
channel wall so as to provide the maximum interaction with enthalpy processes. When the data are divided into two different
the surface. As the adsorbates increase in size, interaction withsets of large and small enthalpies for each adsorptive, better
the distant walls of the cylinder is expected to increase, correlations are found for each set, Figure 4. The following
becoming a maximum when the molecular diameter of the probe adsorptives, with the process listed in parentheses, are assig-
is that of the cylinder. Increasing adsorptive size not only leads ned to the larger-AH line: Ny(1), CO(2), CH(1), GHs(2),
to increased surrounding wall interaction but also parallels Sk(2). The following are assigned to the smalteAH line:
increased surface dispersion interaction for the larger, more N»(2), CO(3), CH(2), SFs(1), and GHg(1). TheK values for
polarizable molecules. Thus, the process nomenclature, usedhe two processes for ethane are too close to resolve, so the
earlier for carbon, is incomplete because process 1 for a smalldata fit to a single process. When ethane is fit to two processes,
molecule will involve pores larger than the adsorptive diameter the process 1 capacity is the same as in the one-process fit.
if they are the smallest ones available. The term “process” will Process 2 is not distinguished from 1, and large errors result in
continue to designate the order Kf values, with process 1  the meaningless process 2 parameters. Thus, least-squares lines
corresponding to the pore that fills first. The term “type” will are constructed for these two assignments with ethane omitted
be used to describe the matching of the adsorbate and poreand shown in Figure 4. The largetAH plot gives an excellent
dimensions. A type 1 adsorbate is one in which the molecular correlation R? = 0.90) even though the type of interaction
dimensions of the adsorbate match the pore. A type 2 adsorbateehanges as the adsorbate size increases on going fpeemdN
interacts strongly with one wall and appreciably with the rest CO to Sk and propane. Thus, the slope of the line contains
of the pore surface, while a type 3 adsorbate interacts stronglyan enthalpy and entropy component from the dispersion
with one wall and weakly with the rest of the pore surface or interaction to the bound surface and from changing the type of
in larger pores with a molecule on the opposite surface. interaction with the remaining surface. Those processes as-
The difference in the process and type designation is signed to the smaller AH line span a range of only four entropy
manifested in the thermodynamic data for adsorption. For the units and as a result give an enthal@ntropy correlation with
smaller adsorbates oMnd CH, the larger equilibrium constants  small deviations but a pod®?. The main conclusion from this
for process 1 are also manifested in more negative enthalpiesanalysis is the existence of two different enthatgntropy plots
than those for process 2. However, for the larger adsorbates,which indicates two different fundamental groupings of pro-
Sk and propane, whose dimensions approach those of thecesses. A largerAH and lower equilibrium constant for the
channels, the largeK values, at the temperatures studied, second process is a result of the more negative entropy
correspond to the processes with the less negative enthalpiesassociated with adsorption of propane andg 8Fthe small
Stronger adsorptivesolid interactions will give rise to more  channel. With this assignment, process 2 occurs in the small
negative enthalpies attributed to the smaller pores. However,channel, and propane as well assS& well behaved in the
the equilibrium constants contain entropic contributiorsd enthalpy-entropy plots. The more exothermic process 1 for
more negative entropy values in the smaller pores can causemethane corresponds to the smalleAS so the enthalpy
the equilibrium constants for stronger adsorption processes tocriterion would assign this process to the small channel while
be smaller than those for weaker adsorption processes. the entropy criterion would assign this process to the large
Adsorption of CO was best defined by a three-process channel. Also note that the difference in the enthalpies for the
interpretation of the adsorption data. Process 1 is attributed totwo processes is not very large. The single-process fit of ethane
weak hydrogen bonding with the acid sites of HZSM-5, vide gives an average enthalpy value that falls below the largél
infra. Comparison of the process 2 and 3 enthalpies for CO plot.
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Table 3. Equilibrium Constant® and Total Volume Adsorbed at Lowest Temperature
tempg (OC) K1 Kz Ks
HZSM-5/N;
—93 (2.4 mmol) 22.#0.3 2.26+0.34
—43 1.51+0.01 0.214+ 0.009
0 0.260+ 0.002 0.084+ 0.002
25 0.0973+ 0.0004 0.079% 0.0005
HZSM-5/CO
—93 (2.55 mmol) 414-6 28+ 3 24432
—42 8.69+ 0.67 1.48+0.33 0.21+ 0.38
—16 2.56+ 0.07 0.454+ 0.036 0.149+ 0.041
0 1.230+ 0.004 0.182+ 0.002 0.14A 0.003
HZSM-5/CH,
—84 (2.75 mmol) 85.8 3.0 5.0+ 6.7
—42 8.14+ 0.03 0.548+ 0.066
—16 2.309+ 0.008 0.19H-0.018
0 1.279+ 0.013 0.126+ 0.028
HZSM-5/GHe
40(1.78 mmol) 9.504 0.037
50 5.221+ 0.020
75 2.544+ 0.022
HZSM-5/G;Hg
125(1.11 mmol) 7.76% 0.083 1.76G+ 0.042
150 5.018+ 0.021 0.8814 0.011
175 2.199+ 0.029 0.322+ 0.014
HZSM-5/Sk
50 (1.46 mmol) 34.1%0.2 2.94+ 0.09
65 19.56+ 0.09 1.52+ 0.04
80 12.57+ 0.06 0.835+ 0.029
HZSM-5/DME
150 (1.48 mmol) 11546-9.5 79+ 37 15+4.4
175 3731+ 2.0 32.7+ 8.0 0.83+0.92
200 713+ 1.6 11.8+ 6.4 0.39+ 0.74
FSGIN
—93 (0.74 mmol) 49:04 0.29+0.03
—62 0.9+ 0.4 0.09+ 0.03
—44 0.5+ 0.2 0.05+ 0.01
-17 0.14+ 0.09 0.028+ 0.007
FSG/CO
—93 (1.24 mmol) "1 0.6+ 0.2
- 1.4+ 0.3 0.144 0.05
—44 0.7+0.1 0.06+ 0.02
=17 0.23+ 0.09 0.03£ 0.02
FSG/CH
—93 (1.45 mmol) 20t 2 0.6+ 0.2
—62 2.8+0.3 0.16+ 0.03
—44 1.3+0.3 0.09+ 0.03
—-17 0.4+0.2 0.04+ 0.02
FSG/GHs
40 (0.308 mmol) 0.6:0.3 0.08+ 0.04
55 0.5+ 0.2 0.05+ 0.02
75 0.3+0.1 0.03+0.01
100 0.19+ 0.07 0.018+ 0.008
FSG/GHs
75 (0.35 mmol) 2.9 05 0.09+ 0.02
125 1.0+ 05 0.03+ 0.02
150 0.9+ 0.2 0.016+ 0.009

a Gas-solid equilibrium constant (atm). ® The first digit of the uncertainty is the last significant figupélotal experimental amount adsorbed

(mmol) at the lowest temperature analyzed is indicated in parentheses.

Dimethyl ether was not included in these correlations because The cause of the two different enthalpy groupings for the
large, specific hydrogen bonding interactions are involved in processes is attributed to adsorption in the two different size
processes 1 and 2. For specific interactions, the processchannels of HZSM-5. The more negative enthalpy processes
designations depend on the strength of different groupings of would be assigned to the smaller channels and the less negative
specific donof-acceptor sites. The more negative enthalpies enthalpy to the larger channels. Only a difference of 0.2 eu
of processes 1 and 2 are consistent with a specific hydrogenwould result from confining an adsorbate in the smaller of the
bonding interaction. These conclusions will be discussed in two volumes ¢RIn (vsmafviargd). Thus, the entropy differences
more detail in the section on donor probes. for the two groupings could result from differing interactions
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Table 4. MEA Accessible Surface Areas fng~') and Volumes (mL g')a—¢

J. Am. Chem. Soc., Vol. 120, No. 3, BB&8

ZSM-5
N2 CcOo DME

process mmol ads mL ads area mmol ads mL ads area mmol ads mL ads area
n 1.540+ 0.015 0.039 141.6 0.612 0.028 0.0173 58.1 0.582 0.005 0.033 91.7
n, 1.29+0.12 0.032 118.6 1.220.17 0.035 115.9 0.14F 0.067 0.007 23.2
ng 1.08+ 1.3 0.031 102.6 1227 0.068 189.1
total 2.83+0.14 0.071 260.2 2915 0.083 276.6 19828 0.109 303.9

ZSM-5
CH4 C2H6 C3H3

process mmol ads mL ads area mmol ads mL ads area mmol ads mL ads area
n 1.994+ 0.044 0.0593 195.3 1.9180.016 0.091 277.3 0.51# 0.006 0.033 87.5
n 0.92+0.68 0.0274 90.1 1.02 0.03 0.066 173.6
total 2.91+0.72 0.0867 285.4 1.92 0.02 0.091 277.3 1.5% 0.04 0.099 261.1

ZSM5 FSG
Sk N2 CcO

process mmol ads mL ads area mmol ads mL ads area mmol ads mL ads area
n 0.556+ 0.004 0.043 104.4 0.213 0.001 0.0053 19.6 0.45% 0.002 0.0128 42.8
n 1.230+ 0.039 0.095 231.0 2.48 0.07 0.0620 228.1 2201 0.062 209.0
total 1.790+ 0.043 0.138 3354 2.6% 0.07 0.0674 247.7 2£0.1 0.075 251.8

FSG
CH, C,He CsHs

process mmol ads mL ads area mmol ads mL ads area mmol ads mL ads area
n 0.330+ 0.001 0.0098 32.3 0.284 0.002 0.007 411 0.11+ 0.0001 0.013 18.9
n, 3.03+0.14 0.0901 296.7 230.2 0.18 332.6 2.&0.2 0.11 476.7
total 3.3+ 0.1 0.0999 329.0 2602 0.19 373.6 2202 0.12 495.6

a Surface areas in iy~ process volumes in mLg. ° For molecular surface areas and volumes, see Tal5l&t# first digit of the uncertainty
is the last significant figure.

Table 5. Enthalpies and Entropigs

—AH; 7 3(kcal/mol) —AS 2 3((cal/deg)/mol)

N2 A572 454+0.2,4.1+0.2,3.1+ 0.1 17.8+£0.3,19.6+ 0.8, 17.1+ 0.7
HZSM5 49+0.2,3.2+04 20+ 1,16+ 2
FSG 4.2+0.4,2.9+0.1 20+ 1,18.4+ 0.3

co A572 5.2+ 0.1,4.7+0.3,3.0+£ 0.2 18+ 1,18+ 1,19+1
HZSM5 6.11+ 0.09, 5.2+ 0.3, 3.1+ 0.5 22.0+0.4,22+ 1,16+ 2
FSG 4.1+ 0.2,3.6£ 0.2 18.7+ 0.7, 21.05+ 0.72

CH, A572 6.6+ 0.5,5.6+0.1,4.4+ 0.1 20+ 2,20.2+0.9,19+ 1
HZSM5 5.1+ 0.1, 4.54+ 0.09 18.3+0.5,20.9+ 0.4
FSG 4.6+ 0.1,3.2+ 0.1 19.5+ 0.3, 18.9+ 0.6

CHe A572 9.0+0.2,7.7£0.1,6.7+ 0.1 21+ 1, 20.01+ 0.82, 20.9+ 0.9
HZSM5 8.159+ 0.001 21.580t 0.004
FSG 5.0+ 0.4,5.6+ 0.3 16+ 1,22.4+0.8

CsHs A572 10+ 0.2,9.1+ 0.1, 8.6+ 0.8 20.2+10.2,18.6+1.1,20.5+ 1.1
HZSM5 9+ 2,12+ 2 18+ 5,29+ 4
FSG 4.9+ 0.8,6.8+£ 0.8 12+ 2,24+ 1

Sk A572 8.6+ 0.7,7.0+£0.3,6.6+ 1.2 16.4+ 2, 16.2+ 0.9, 19.6+ 3.6
HZSM5 7.5+ 0.3, 9.52+ 0.02 16.4+ 0.9, 27.32+ 0.07

DME HZSM5 22+ 3,154+ 1,10+ 1 33+£7,27+£3,24+ 3

aThe first digit of the uncertainty is the last significant figure.

with the distant wall and from more efficient packing of the those of the small channel, and the slope of the line is40.3
adsorbate molecules for the more negative enthalpy process. 0.6. In addition, more ordering of the hydroxyl functionality
Figure 5 is a plot of the entropies of adsorption versus the or a greater loss of vibrational freedom for the silicon and
entropies of vaporization of the liquids. The entropy for the aluminum atoms comprising the walls of the small channels
small channel is more negative than the entropy of vaporization than that for the large channel could lead to a more negative
as expected for a more confined molecule. The increase inentropy for the small channel when adsorption occurs. Calo-
entropy for the larger molecules also has the contributions rimetric analysi&! of the acidity of HZSM-5 has shown that

normally observe® from a more negative enthalpy of interac-

the small channel contains most of the hydroxyl functionality.

tion. The entropies for the larger channel are less negative thanThese different entropy components for the two channels lead
the entropies of vaporization and indicate a weaker constraintto the two different enthalpyentropy plots.

in this channel than in the liquid. The errors are larger than

(21) Drago, R. S.; Dias, S.; Torrealba, M.; de Lima,d.Am. Chem.
S0c.1997, 119, 4444-4452.

(20) Person, W. BJ. Am. Chem. Sod.976 84, 536.
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Figure 3. In K; vs 1/T(K) plots for various adsorptives by HZSM-5.
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Figure 6. Enthalpy of adsorption vs van der Waal# for the small
pores (solid line) and large pores (dashed line) of HZSM-5.
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Figure 7. Process-resolved isotherms for Cktlsorption by HZSM-5
calculated from the MEA andK values.

= 0.95) of the more negative enthalpy processes, and a better
correlation R2 = 0.99) of the less negative enthalpy plots. Linear
van der Waals plotsR¢ = 0.99Y for carbon adsorbents assumed
that the type of interaction is the same for a given process for
all molecules. The adsorptive selects pores from the distribution
available to undergo similar adsorbateall interactions for all
molecules involved in théh processes. For the fixed channel
dimensions of HZSM-5, the slopes of the lines in Figure 5 have
an additional contribution to these plots from a change in the
type of interaction as the adsorbate size increases.

For ethane, the van der Waals plot indicates that the single-
process enthalpy for ethane is less negative than expected for
the more negative enthalpy processes and more negative than
expected from the smallerAH plot. This behavior is expected
if the MEA provides an average enthalpy because the Kwo
values cannot be resolved.

Insights from the Process Capacities.As shown above,
the multiple-equilibrium thermodynamic parameters provide
unprecedented detail about the adsorption process. Even more

The reversals in equilibrium constants and enthalpies observeddetail results from the MEA capacities of the processess
in HZSM-5 are not observed in the carbon adsorbents studiedThe capacities in moles and the equilibrium constalfggs
to date. This is attributed to slit-shaped pores in carbon in can be substituted into eq 3 to resolve the total isotherm into
contrast to those in HZSM-5 and other zeolites whose channelsthe process 1 and 2 components. This resolution is shown in

approximate cylinders.

The slit-shaped pores lead to lessFigure 7 for CH with HZSM-5 and shows that, at all measured

molecular reorganization when a large molecule is adsorbed. pressures, adsorption occurs simultaneously in both channels
Low-energy bending of the ©Si—O angles also leads to some of the solid during the adsorption process.

flexibility in the channel dimensions of a zeolite which can lead

to entropy contributions. Carbon entropies do not exce2l
(cal/mol)/deg for the adsorptives studied here.

Further insights concerning adsorbeatisorbate interactions

The process capacities (mmol’y (Table 4) decrease as the
size of the gas molecules increases (Table 2). These capacities
can be converted into the surface areas and pore volumes for
the individual processes using the molecular areas and molar

arise from plots of the enthalpies vs the square root of the vanvolumes of the adsorbates, respectively. Different literature

der Waalsa parameter. Figure 6 shows a good correlatigh (

reports give adsorbate molar volumes and areas that vary
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considerably. Accordingly, these quantities were calculated The larger adsorbates give larger values for the accessible
using ZINDO?Z2 and the calculated values are given in Table 2. pore volume. Adsorption of SFesulted in an MEA volume

The calculated surface areas are based on the projected areasf 0.14 mL g* which is comparable to that from theplots.

for orientations of the molecules that are expected to provide The other adsorbates give MEA volumes of 0:89.01 mL

the maximum dispersion interaction with the surface of the solid. g=1. When the surface of a pore is completely covered by
Juneet al! report that the channels of the zeolite exhibit adsorbates of smaller dimensions than the channel, the area from
constraining effects upon long hydrocarbon chains, such thatthe adsorbate to the distant wall is empty space that is not
these molecules are forced to take on a more elongated shapecalculated as pore volume. This empty space accounts for part
The orientations employed are given in the Table 2 footnotes. of the lower volumes found for the other adsorbates than that
The calculated total MEA accessible surface areas reported infound for SkE. The most accurate assessment of the structural
Table 4 for HZSM-5 are (B 260 n¥ g1, (CO) 277 md g1, channel volume of the solid comes from adsorbates whose
(CHg) 285 n? g1, (CoHe) 278 n? g%, (CaHg) 261 nF g2, and dimensions match that of the pore and which pack efficiently.
(SFs) 335 n¥ g~1. For nitrogen, the milliliters of gas adsorbed  When this is not the case, the adsorbent capacity is a utilized
in the two processes is low compared to other adsorbates,pore volume that is adsorptive dependent. At lower tempera-
indicating that the B molecules are not packed as closely to tures condensable adsorptives are expected to reveal an ad-
each other as they are in the liquid or that gaps exist in the ditional process corresponding to adsorption on the surface of
extent of surface coverage near the channel intersections wherehe channel intersections. The important point is that the
9 A diameter voids existt The bond axis of CO is expected structural pore volume of the solid is not as relevant a quantity
to be linear to the ©H bond for the specific interaction of  for understanding adsorption as is the pore volume utilized by
process 1. CO is expected to adsorb parallel to the surface forthe particular adsorptive employed at the conditions of the
the nonspecific dispersion interaction of processes 2 and 3. Theexperiment. Clearly, this detailed understanding of adsorption
area for CO, calculated assuming thatmh@rocess is C bonded  provided by MEA is relevant for interpreting results from
perpendicular to the surface and physisorption is parallel resultsapplications of zeolites in gas separation or gas phase catalysis
in an area of 260 frg™*. If the O—H bond is not perpendicular  when carried out above the critical temperature of the gas.

to the surface, a value approaching 277 gn' results. The For methane, the process capacities support the enthalpy
propane molecule is assumed to haye two hydro.gens from eachy,,1sion and indicate that process 1 occurs in the smaller
methyl and one from the methylene interacting with the surface. channel. However, the more negative methane enthalpy is

The lmo_re poIarlz?bee_$FF1as a strongerhsurfﬁce lntleracgo_n ancri] comparable to that of N falls on the enthalpyentropy plot,
results in more effective coverage in the channels and into the ) \+ is jow on the van der Waals plot. One possibility for a

intersections. Thus, surface area is adsorptive dependent, angh - 111 expected enthalpy would involve interaction of the
for small molecular weigrln gases above the critical temperature edge instead of the face of the tetrahedral methane molecule
a value around 275 frg* results. with the solid surface in the small channel. Interaction for this
In all instances, the process capacities for the small channelseqiqyration would be mainly driven by entropy considerations
are greater than those of the large channel. This is consistent, i, some stabilization from opposite wall interactions. Leaving
with the small channels having a zigzag shape and the largeathane out of the more negative enthaipytropy plot (Figure
ones being straight. o 4) gives the equationr-ASymai = 1.15-AH) + 15.6 and
Ethane has dimensions that could permit it t0 span the jyproves theR? to 0.97 from 0.90. The surface areas for

diameter of the channel with the-& bond perpendicular t0  ethane packed in the manner proposed above is 269 compared
the surface. In this orientation, ethane would have two sets of to 285 n? g1 for adsorption with the 3-fold axis perpendicular

three hydrogens interacting with the solid surface of opposite {5 ine surface. Thus, areas do not distinguish the adsorption

walls. The molecular surface area per wall for ethane in this ,i4e  The process 2 enthalpy is well behaved in the van der

configuration is 19.32 A as calculated by ZINDO. If ethane 441 plot, suggesting that methane packs in the large channel
lies flat, an eclipsed conformation, with four hydrogens interact- | 1 its 3-fold axis perpendicular to the surface.

ing with the surface, is expected. The molecular surface area Interoretation of the P Grounings for Donor Prob
for ethane in this configuration is 24.012A The calculated n anegaﬁigrorep?ort ?rorr?(;ﬁissslab%l:gtog;itowaso sct)wwg tﬁit
MEA surface area for ethane adsorbing parallel is 27, titration of HZSM-5 slurried in cyclohexane with pyridine

and 223 m g~ for ethane perpendicular to the surface in both o
channels. These considerations suggest that ethane is adsorbergvealed 0.042 mmol of a very strong acid site and 0.53 mmol

1) . . s ; e
with its bond axis parallel to the surface and illustrates the g~ of hydrogen bonding sites. Titrations with 2,6-lutidine and

S : . 2,6-ditert-butylpyridine indicate that the strong sites were
nparalleled, detailed insight available about adsorption from ; .
l,\J/lé)A red nsight aval . pu located in the small channels, 0.32 mmol of hydrogen bond sites

were located in the small channel, 0.18 mmot gf hydrogen
bond sites were located in the large channels, and 0.034 mmol
were located on the exterior surface. It was also shown that
when the solid was studied at elevated temperatures the strong
and weak acid sites could not be resolved because the equilib-
rium constants approached one another. These conclusions are
consistent with the dimethyl ether results from MEA. At the
temperatures employed the strong agjdsites are not distin-
guished from the weakaen, sites found by cal-ad for pyridine,
and ann; value of 0.58 mmol g! results for (CH),O. The

van der Waals plot suggests that about 11 kcal™of the
process 1 enthalpy for (GHO arises from the nonspecific
component of the gassolid interaction and 11 kcal nol from

(22) Drago, R. S.; Webster, C. E. Submitted for publication. the average specific doneacceptor interaction of the strong

Pore volumes from MEA can be compared to the micropore
pore volume measured with the-H t-plot for HZSM-5 at 77
K which was found to be 0.14 mLg. Calculation of the total
pore volume by MEA (Table 4) for pNindicates a total volume
of 0.07 mL g* consistent with its low surface area. Adsorption
on the surface of #19 A voids at liquid nitrogen temperatures
normally used for Mporosimetry measurements could give rise
to a third, lower enthalpy process which accounts for the large
volume from porosimetry. The equilibrium constant for this
third process is too low to contribute above the critical
temperature and at the pressures employed for thedtherms
in this study.
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and weaker acid sites found in the pyridine titration. Process 2 former. The two-process fit of CO with enthalpies that fit the

has a 7 kcal moit more negative enthalpy than expected from van der Waals plot indicate the absence of acid sites strong

the nonspecific interaction estimated from the van der Waals enough to undergo a specific interaction with silica gel.

plot. Reversals in process enthalpies and equilibrium constants are
Comparison ofny for CO with n, for DME indicates that observed for propane with silica gel. Consistent with this,

both gases are involved in a specific interaction with the same Process 2 for propane falls on the small pore van der Waals

number of hydrogen bonding sites. CO is weakly basic plot for other substrates and process 1 for propane falls on the

compared to DME, and this is reflected in the magnitude of large pore plot.

the enthalpies for the first process. The 0.6 mmdl gapacity 1

is the same as that for process 1 for (. This indicates —AH, = 1.458¢:0.098)" + 2.381¢:0.19)F = 0.987

that the density of acid sites is such that they are accessed by (4)

both molecules. This result occurs even though the surface area

required to accommodate site 1 for (gD is twice that of

CO. The process 2 capacity in mmotigfor dimethyl ether

compared to lutidine suggests that the weak hydrogen bond sites The enthalpy-entropy plots and the entropy of adsorption

in the large channel are included in the process 2 capacities.entropy of vaporization plots show the same behavior as in the

Such a conclusion is also suggested by the deviation of 7 kcal case of HZSM-5 for the small pore data. The large pore data

mol~* of process 2 for (CH).0 from the process 1 van der are poorly behaved in both plots. This suggests that the pores

Waals plot. involved in the large pore processes involve a different
With only specific interactions measured for the pyridine distribution of pore sizes for Nand CO compared to ethane

titration in hexane, the pore volumes required are 0.032 mL and propane.

g~! for the small pore and 0.012 mLgfor the large pore. The BET surface area of silica is reported to be 56&ym.

Hexane fills the rest of the pore volume. The MEA results show a decided adsorptive dependence of the
The bulk silica/alumina ratio of 53 corresponds to a Si/Al surface area. For example, methane gives an area of 329 m

atom ratio of 23.5 which is used to calculate the millimoles of 9™, and the total area for propane is 496 g1* with 478 n?

—AH, = 1.138(-0.30p? + 1.829¢-0.60)F = 0.824ES

aluminum per gram of HZSM-5. The 0.6 mmol ofn; acid gt arising from the more negative enthalpy process. This is
sites of HZSM-5 from the MEA of CO and (GO correspond ~ attributed to a better matching of the pore distribution to the
to 0.58 mmol g* of aluminum atoms giving rise to SO(H)— propane dimensions. . o
Al sites. Effective Pressure. In heterogeneous catalysis, porosity in

supports enhances adsorption and concentrates reactants around

silica gel, FSG, for nonspecific adsorbates, are also best fit by catalytic_sites, thereby increa_sing the reaction rate. The concept
a two-process analysis of the adsorption data. This is a of effective pre;suré?eﬁ, was mtrpduce‘tfas away to compare
significant result because the pores in FSG are not expected '[o,the concentrating power of solid supports: Effectlvg pressure
be as homogeneous in size or shape as the channels of HZSM'S th? pressure that.WOL.”d have to be applied to an ideal gas to
5. Process 1 enthalpies forNCO, and CH on FSG are less obtain a concentration in the gas phase e_qual to the moles of
negative than those for the small channel of HZSM-5 and gas adsorbed per milliliter of.pore volume in the support.. The
comparable to the large channel enthalpies for HZSM-5, Table moles of gas adsorbed by dlffferent adsorbents varies Wlth the
5. This suggests that the small pores of silica gel are of pressure of gas over the solid and the temperatiitgs IS
comparable size to those of the large channel of HZSM-5. The defined at 25°C so the number of moles adsorbev;d,latmls
more negative enthalpy, propane process (process 2) on FSGcalpuIated from the MEA andn values at this temperature. .
is also within experimental error of that for the large channel Using the ideal gas law, the number of moles adsorbed is

of HZSM-5. The capacities, Table 4, indicate that the volume converted toPerr using the total MEA volume3 ny (mL/g) in
of the FSG small pores is very low, about 0.01 mtlgt is eq 6. Peyr indicates that 194 atm would be required to match

Adsorption by Silica Gel. Adsorption isotherms on Fisher

noteworthy that-plots detect a small micropore capacity of 0.02 n RT
mL g~1. Most of the adsorption capacity of FSG arises from o = __addatm® (6)
larger pores. Comparison of the FSG less negative enthalpies Zni (mL/g)

with those for the larger channels of HZSM-5 indicate that these
involve slightly larger channels in FSG which are not in the the effective pressure of methane in HZSM-5. This compares
mesopore regime. Theplots indicate 0.33 mL o of meso- to 98 atm for the carbonaceous adsorbent A572, aRgkf
pores. MEA indicates 0.10 mL§ for process 2 capacities 21 atm for silica gel. Thus, porosity permits one to carry out
which increase to 0.19 for propane. Apparently these large a reaction in the pores of HZSM-5 at 1 atm of external pressure
micropores are included in the mesopores ofttht analysis. which requires 200 atm of CHn the gas phase.
The remaining 0.14 mL @ of mesopores from thé-plot )
analysis are not accessed by any process for the adsorbate§onclusions
studied at these temperatures and pressures. Lower temperatures Adsorption isotherms for seven adsorptives were measured
or higher pressures are needed to populate the weaker energyt multiple temperatures above their critical temperatures with
adsorption process that occurs in the mesopores. This emphag zeolite, HZSM-5, and silica gel. The MEA, which fits the
sizes that porosity must be determined under conditions relevantijsotherms simultaneously to a minimum number of processes,
to the application. For any applications involving gases similar provides enthalpies, entropies, and process capacities. In
to those studied, porosity that is not accessed is not relevant.amorphous adsorbents the processes contain a distribution of
Since the bulk compositions of FSG and HZSM-5 are similar, pore dimensions. If this distribution is narrow enough to give
the differences in the MEA results dramatically illustrate the the same thermodynamic interaction parameters within experi-
influences of porosity on adsorption. One major difference in mental error, it is reasonable to group them together in
the reactivity of HZSM-5 and FSG is the strong acidity of the describing the adsorption process. HZSM-5 was selected for
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study because it contains two channels with slightly different, thanitisin a cylinder. Reversals KhiandAH can be expected
fixed dimensions. The adsorption data for HZSM-5 are fit with in cylindrical-shaped pores.
the MEA model using two adsorption processes, providing a The process capacities that result from the MEA are as
check on the meaning of the model. Examination of a solid significant as the thermodynamic data. Using molar volumes,
with fixed dimensions has provided not only a test of the one can calculate the accessible pore volume for an adsorbate.
applicability of the MEA model but also insights into the very When adsorptive dimensions match pore dimensions, structural
complex energetics of adsorbatdsorbent interactions. Unlike  pore volumes result. Comparison of these volumes with those
amorphous adsorbents, where an adsorptive can select pores dfom standard Mporosimetry show important differences. For
similar size from the distribution available for process 1, the measurements above the adsorptive critical temperature, mono-
first adsorption process that occurs in materials with uniform, layer coverage is expected and conversion of the process
fixed dimensions may not involve a pore of comparable size. capacities from MEA to molecular areas provides accessible
Since the process designations for different size adsorbatessurface areas. Significant differences result between the values
correspond to different interaction potentials, a type designation obtained in this manner and those from BET on microporous
is used to indicate the matching of adsorptive and pore solids.
dimensions. The correlations of enthalpies of adsorption to The larger equilibrium constants obtained for HZSM-5
entropies and van der Waals constants reveal a specificcompared to silica gel indicate that the zeolite has a larger
interaction giving rise to one process for CO and two for affinity for adsorbing these molecules as a result of the presence
dimethyl ether. of smaller, defined channel dimensions with larger capacities.
Reversals in the magnitude of the enthalpy and equilibrium The credibility of the MEA model is enhanced by its ability to
constant are found for the processes corresponding to adsorptiomprovide a rational explanation of adsorbent differences using
of propane and SFby HZSM-5. Process 1 has the larger thermodynamic and capacity criteria. Clearly much more useful
and less negative enthalpy, indicating a type 2 interaction. A information is obtained from an MEA characterization than other
wide variety of probe molecules have been studied on carbon-isotherm analyses.
aceous adsorbents, and none show this reversal. In contrast to
HZSM-5, the pores of the carbonaceous A-572 consist of
parallel sheets or planes with localized graphitic domains. The
adsorbate-adsorbent interactions occur along the surfaces of
these planes, and a large adsorbate is less constrained in a slitA972466W
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