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F UNDAMENTAL RESEARCH ON adsorption is im-
portant to scientists and engineers as adsorp­

tion is one of the most commonly used separation 
processes in the chemical industry. It is employed 
in such diverse applications as drying for the re­
moval of moisture from gases, water treatment 
processes for the removal of pollutants, petroleum 
processing for the separation of hydrocarbons, and 
the separation of nitrogen and oxygen from air by 
pressure swing adsorption. Recently it is also 
being investigated for uses in the pharmaceutical 
industry where antibodies are immobilized on 
inert supports to form biospecific adsorbents that 
selectively separate proteins from various biologi­
cal sources [1]. Adsorptive storage of gases in 
highly porous adsorbents is also being explored. 

The potential for the use of adsorption in novel 
applications has considerably increased with the 
discovery of zeolites as a new class of adsorbent 
materials. These materials are characterized by 
pores of uniform size and of molecular scale. Zeo­
li tes, therefore, provide an opportunity to devise 
a separation scheme or for use as catalysts with 
selectivity features based on the differences in 
molecular sizes and/or the rates of diffusion. A 
number of instances where these differences can 
be exploited to advantage have been detailed 
[i, 3, 4]. The Mobil process for converting methanol 
to gasoline in a single step is based on a new 
synthetic zeolite, ZSM-5, whose pore structure al­
lows only the gasoline range hydrocarbons to 
di ff use in and out of the pores [5]. 

Zeolites, therefore, provide an 
opportunity to devise a separation scheme 
or for use as catalysts with selectivity features 
based on the differences in molecular sizes 
and / or the rates of diffusion. 
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The novel selectivity features and the sieving 
effects attributed to zeolites arise from its crystal­
line structural framework, the pore size, and the 
pore channel geometry. To understand the relation­
ship between the zeolite structure and its proper­
ties, it is important to carry out fundamental re­
search on the various aspects of zeolite synthesis, 
characterization, and their adsorptive and diffu­
sive properties. We have, over a period of time, 
developed such a research program at Cleveland 
State University (CSU). The research on various 
aspects of adsorption in general and zeolites in 
particular started here when one of the authors 
(DTH) joined the faculty nine years ago. Now the 
research program involves three faculty members, 
two post doctoral fellows and a number of students 
in various stages of their MS and PhD programs. 

PHILOSOPHY AND OBJECTIVES 

The objectives of the research program at CSU 
are twofold 

• To develop an expertise in the area of zeolite syn­
thesis and modification. The ultimate aim is to be 
able to synthesize a zeolite with the required adsorp­
tive, diffusive, and catalytic properties for a spe­
cific application. 

• To characterize the newly synthesized zeolites in 
terms of their crystallinity, pore size, and pore 
volume; to carry out the fundamental studies on ad­
sorption by measurements of adsorption equilibria 
and the rates of diffusion of various molecules 
through the pore system of the zeolites. The logical 
extension of these studies is to correlate the changes 
in zeolite structure to the changes in zeolite proper­
ties such as the adsorption capacity and the rates 
of diffusion. 

In our adsorption research program, we place 
considerable emphasis on the fundamentals. How­
ever, we believe the university research labora­
tories should also contribute to the solution of in­
dustrial problems. Toward this end, we do con­
siderable contract research sponsored by industrial 
organizations. Most of this activity is focused on 
synthesizing different zeolites in search of the one 
with appropriate adsorptive, diffusive, and cata­
lytic properties for a specific industrial applica-
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tion. We have ongoing research activities in both 
the areas defined above. They are summarized 
below. 

ZEOLITE SYNTHESIS 

One of the unique aspects of the adsorbent re­
search program in chemical engineering at CSU 

.is our molecular sieve synthesis effort. There are 
well over 100 different varieties of molecular sieve 
zeolites which have been reported in the patent 
and open literature. Each has a different frame­
work with channels of varying dimensions and 
geometries; therefore, each of these materials will 
have different adsorptive, diffusive, and catalytic 
properties based on the differences in framework 
topologies. In addition, the adsorptive and cata­
lytic properties of the zeolites can be altered great­
ly by varying the chemical composition of a zeo­
lite. Despite this tremendous degree of flexibility 
of choice offered by using zeolites with differing 
structure-type and chemistry, very few academic 
research facilities have the ability to synthesize 
or modify any of the non-commercial molecular 
sieves. They must rely on a limited variety of test 
materials supplied by a few commercial zeolite 
suppliers. Researchers at CSU have the unique op­
portunity to study a much wider variety of molecu­
lar sieves. 

The synthesis of a zeolite requires the forma-
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tion of a reactive silicate or alumino-silicate gel 
in the presence of a strong base. Most often a 
structure-directing organic template is added to 
this reactive mixture. The chemicals are loaded 
into teflon-lined high-pressure autoclaves and re­
acted at temperatures between l00°C to 200°C 
for periods ranging from several hours to several 
weeks. Reaction products are washed and tested 
for crystallinity using powder x-ray diffractome­
t ry. The free pore volume of the synthesized zeo­
lite is then tested using a gravimetric BET an­
alysis and measuring the pore volume available 
by liquid oxygen adsorption. These tests provide 
data on sample crystallinity and purity so that 
subsequent adsorptive or catalytic tests are con­
sidered quite reliable. 

Our most important research contribution 
over the past several years has been our ability to 

synthesize zeolite crystals of several hundred 
microns or larger in size. 

In addition to synthesis, the molecular sieves 
may also be modified by post-synthesis treatments. 
Such modifications typically include ion-exchange 
and dealumination. Such changes can subtly alter 
adsorptive, diffusive, and catalytic properties of 
zeolites and often will enhance these properties. 
These types of molecular sieve modification are 
also a part of the zeolite research program at CSU. 

To perform the synthesis and modification 
tasks outlined, we have accrued a substantial in­
ventory of research equipment dedicated to this 
program. Our equipment includes 130 small high­
pressure autoclaves for exploratory synthesis 
runs, several large autoclaves for producing large 
batches of materials, a powder x-ray diffractomet­
er for phase identification and a scanning electron 
microscope for examination of zeolite crystal 
morphology. The use of an atomic absorption 
spectrometer is available from the chemistry de­
partment for chemical analysis. In total, we have 
the ability to synthesize, modify, and completely 
characterize the zeolites required for our adsorp­
tion, diffusion, and catalyst research programs. 

Our most important research contribution over 
the past several years has been our ability to 
synthesize zeolite crystals of several hundred 
microns or larger in size. This success has resulted 
from a careful study of the effect of compositional 
changes on rates of nucleation and crystallization. 
Hayhurst et al. have presented results on how 
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variations in reactant composition affect crystal 
growth for the ZSM-5 zeolite series [6]. The effect 
of ammonium and vanadium addition on growth 
of large silicalite crystals has been presented by 
Paravar and Hayhurst [7]. More currently, Lee 
and Hayhurst have discussed the application of 
optimization techniques to zeolite crystal growth 
[8]. Our ability to synthesize large crystals has 
helped us greatly in our studies of the adsorptive 
and diffusive properties of zeolites. Two such 
examples will be cited later in the article. 

ADSORPTION ON ZEOLITES 

Most of the industrial applications of ad­
sorption involve the use of fixed beds operated 
on a cyclic basis with adsorption and desorption 

FIGURE 1. Gravimetric high pressure adsorption unit. 

as the two main stages of the cycle. For the de­
sign of such systems, it is important to determine 
both the capacities of the adsorbents and the 
kinetics of adsorption. The two commonly used 
methods to determine the adsorption capacities 
are the gravimetric and the chromatographic 
methods. 
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The gravimetric method uses a sophisticated 
high vacuum Cahn microbalance to monitor in­
crease in the weight of an adsorbent when sub­
jected to a step change in the adsorbate partial 
pressure. The amount of adsorbate on the solid at 
equilibrium defines its adsorption capacity at the 
prevailing adsorbate partial pressure. Details of 
the experimental technique have been described 
elsewhere [9]. At CSU, we have constructed such 
an experimental setup for adsorption studies at 
low pressures. 

To date, most of the work reported in the liter­
ature on absorption equilibria measurements has 
been carried out at low pressures [10, 11]. In­
dustrial application of adsorption, however, 
generally involves high pressures. At CSU, we 
have constructed two novel high pressure gravi­
metric apparatus for generating capacity data at 
pressures as high as 100 atm. We have used these 
setups successfully to measure adsorption iso­
therms of argon, nitrogen and oxygen on morden­
ite, and methane on different zeolites up to pres­
sures of 80 atm. The data for argon, nitrogen, and 
oxygen were correlated successfully using a 
generalized equation of the Dubinin-Astakhov ad­
sorption model [12]. 

The second method of determining the adsorp­
tion capacity is chromatographic in nature. It uses 
the response of a packed adsorption column to a 
pulse of an absorbate. The retention time of the 
pulse in the column is related to the strength of 
adsorption and this information is readily con­
verted to determine adsorption equilibria for a 
single component or a binary system [13, 14]. The 
availability of a chromatographic setup at CSU 
allows us to do quick screening studies on ad­
sorption capacities or a detailed determination of 
adsorption isotherms. 

In both the gravimetric and chromatographic 
methods, the adsorbent "sees" a varying adsorbate 
concentration in the gas phase. Ideally one would 
like to maintain the external concentration con­
stant. To accomplish this objective, one of our 
faculty members, Gregory P. Wotzak has con­
structed a new "dynamic-balance" reactor under 
the sponsorship of National Science Foundation. 
In this equipment, after the adsorbate is quickly 
introduced in the sample chamber, a sensor deter­
mines the gas phase concentration at preset time 
intervals. A small amount of pure adsorbate 
species is introduced that is proportional to the 
deviation from the set point. The total amount of 
adsorbate introduced until equilibrium is reached 
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FIGURE 2. Dr. Wotzak's "dynamic-balance" adsorption 
unit. 

after the run begins provides the adsorption ca­
pacity. The method, in principle, can also be used 
to determine the binary adsorption equilibria. 

Another potential application of zeolites is for 
adsorptive storage of gases. Last year, Future 
Fuels, Inc. of Detroit, Michigan, funded a project 
at CSU for developing a zeolite with high adsorp­
tion capacity for methane at relatively low pres­
sures. The use of natural gas as a transportation 
fuel is limited because of the high pressure re­
quired to store enough gas for a reasonable driving 
range. The aim of the research project was to re­
duce the storage pressures required by an order of 
magnitude by adsorbing large amounts of methane 
in a zeolite. The project involved synthesizing 
different zeolites in the laboratory and measuring 
their adsorption capacities. To date, a first genera­
tion zeolite adsorbent has been identified and the 
appropriate patent applications have been made. 

KINETICS OF ADSORPTION 

The rate of diffusion of an adsorbate through 
the zeolite pore system is important as it deter­
mines the adsorption and desorption cycle times 
in the operation of a fixed bed adsorption unit. 
Both the gravimetric and the chromatographic 
methods have been used to determine the diffusion 
coefficients. 

In the gravimetric method, the uptake curve is 
compared with the solution of an appropriate 
diffusion equation and the diffusion coefficient is 
determined that gives the best fit between theory 
and experiment. Details of the technique and its 
application to various systems have been given by 
Ruthven [10, 11]. Alternatively, the chroma­
tographic method has been used to determine 
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many process parameters [15]. In general, the 
second moment of the response peak is dependent 
on the various mass t ransfer resistances present 
in the system. If all the parameters characterizing 
mass transfer resistances are known or can be 
estimated except one, then it is possible to calcu­
late the unknown parameter. The details of this 
method, the experimental procedure and data an­
alysis, have been discussed in the literature [16]. 
Recently, Oey at CSU has used this technique to 
study those adsorbate-adsorbent systems that give 
highly skewed response peaks [17]. He used differ­
ent methods to analyze the peaks and showed that 
moments method of analysis works reasonably 
well even for peaks with a high degree of tailing. 

Both the gravimetric and the chromatographic 
methods are somewhat limited in their usefulness 
due to assumptions that have to be made to analyze 
the data obtained. Many of the assumptions re­
quired for the analysis of diffusion data can be 
eliminated by measuring the rate of transport 
through a single zeolite crystal. Such an experi­
mental system has been prepared at CSU. A zeolite 
membrane was fabricated by embedding a single 
large silicalite crystal into epoxy. The rate of mass 
transfer through the crystal was measured di­
rectly by exposing one side of the membrane to the 
diffusing gas and determining the pressure differ­
ence across the membrane. The method was used 
to determine butane diffusivities in silicalite [18]. 

Karger and his coworkers in East Germany 
have developed a Nuclear Magnetic Resonance 
(NMR) method to monitor translational jumps of 
molecules within the zeolite lattice. This informa­
tion is then converted into zeolitic self-diffusivity. 
However, the values of diffusivity derived by 
NMR are · found to be three to four orders of 
magnitude larger than the ones obtained by gravi­
metric and chromatographic methods. Attempts 
to reconcile these differences have not been totally 
successful [19]. In an attempt to resolve this dis­
crepancy, Evanina has used a series of zeolites of 
differing crystal size and has studied their 
diffusive properties [20]. It is expected that his 
results will provide an insight into the nature of 
controlling mass transfer resistance in sorption 
uptake experiments. If the controlling mass trans­
fer resistance is the micro pore diffusional re­
sistance, the zeolitic diffusivities should be inde­
pendent of the crystal size. If, however, the con­
trolling resistance is a surface barrier as has been 
suggested [21 ], the apparent diffusivities will de­
pend on the crystal radius. 
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TABLE 1 
Facilities and Equipment at CSU for Adsorption 

Research 

Department Facilities 
1. High vacuum gravimetric Cahn microbalance 
2. High vacuum McBain-Bakr balance for simul­

taneous measurements on multiple samples 
3. High pressure gravimetric adsorption system, uses 

large sample size 
4. High pressure rnicrogravimetric adsorption sys-

tem 
5. Chromatographic flow adsorption system 
6. Dynamic-balance reactor 
7. A TGA Unit 
8. X-ray diffraction unit 
9. Scanning electron microscope 

10. High pressure Berty reactor 

University Facilities 
1. IBM Computer 
2. HP 1000-F real time minicomputer system 
3. Three VAX 11-750 computers 

ZEOLITE CATALYSIS 

In addition to the ongoing research activities 
in the above areas, we have also worked co­
operatively with the Pittsburgh Energy Technolo­
gy Center to evaluate the effect of chemical modi­
fication on the catalytic properties of zeolites used 
for indirect coal liquefaction. Work on the modi­
fication of acid site strength of ZSM-5 and Nu-1 
zeolite catalysts by cobalt impregnation has been 
presented by Hayhurst [22]. This work has proved 
to be useful in determining a mechanism for pro­
ducing gasoline from synthesis gas by a single 
step process over ZSM-5. Other research has in­
cluded studying the use of a three phase reactor 
for coal conversion using zeolite catalysts. 

RESEARCH FACILITIES 

Table 1 outlines the research equipment avail­
able to us in our research program. The equipment 
is housed in six laboratories occupying about 
2500 ft 2 area. As can be seen from the table, we 
have excellent facilities for studying zeolite syn­
thesis and their adsorptive and diffusive proper­
ties. 

SUMMARY 

The zeolite synthesis and modification program 
at CSU has allowed researchers here to study zeo­
lite properties in a manner not usually available 
to the university researcher. We feel that our 
group is able to tackle new and unique research 
problems which should enhance our fundamental 
understanding of adsorptive and diffusive proper-
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ties of zeolites. 
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