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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.
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ABSTRACT

Research accomplishments during the report period include the
following: (i) Experimental measurements of the time-dependent transmission
of hydrocarbons and their mixtures at low concentrations through activated
carbon and polystyrene adsorber beds, (ii) theoreticl and experimental
studies of dynamics of adsorbates (including radiocactive gases) in
adsorber beds, (iii) formulation of the theory of adsorption of single
gases and their mixtures on heterogeneous microporous solids, (iv)
initial studies of adsorption from solutions on heterogeneous microporous
solids, and (v) study of the influence of adsorbent heterogeneity on the
pressure swing adsorption process. During the report period, the
chromatographic dynamic method for measuring transmission of gases and
gas mixtures through adsorbent beds was improved and modified in order to
cover very low adsorbate concentrations and low temperatures. The
transmission measurements were utilized to study diffusion effects for
gases and gas mixtures flowing through adsorber beds and to calculate
equilibrium adsorption isotherms for single gases and gas mixtures.
Significant progress has been achieved in the theory of gas adsorption on
heterogeneous microporous solids and in the characterization of structural

and energetic heterogeneities of these solids.
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1. Introduction

Research accomplishments during the research period (from 1 June
1984 through 381 August 1989) are reported in the publications and
presentations listed and attached in Appendices A and B, respectively. A
general summary of the research and a comprehensive evaluation of the
progress in the area of the research supported by the Department of Energy

(DOE) is given below.

2. Experimental Measurements

We measured the time-dependent transmission of hydrocarbons and
their mixtures at low concentrations through adsorber beds at 1low
temperatures in the range from 273 to 303 K. The beds were packed with
solid adsorbents [viz., (Columbia 4LXC'12/28) activated carbon and
crosslinked polystyrenes]. We obtained adsorption capacities and
adsorption isotherms for methane (A32), ethane (A4,A5,A29), propane
{(A4,A5,A18,A31), n-butane (A4,A18,A31), 1,3-butadiene (A9), acetaldehyde
(A32), acetylene (A16,A32) and acetone (A21) on the above-mentioned
adsorbents. Details concerning the transmission measurements and the
calculations of adsorption isotherms are described in papers A5 and A6.

We measured also the time-dependent transmission of stable argon
(A7) and the radioactive isotope argon-41 on activated carbon at 273 K
(A8). The transmission of radioactive argon-41 was carried out at the

two-megawatt research reactor at University of Michigan.

3. Dynamics of Adsorbates in Adsorber Beds

Studies of dynamics of adsorbates in adsorber beds were published in
papers Al, A7, A8, Al6, A17, and A32. Papers A7 and A8 present the
moment analysis of transmission curves measured for various concentrations
of argon in helium on Columbia activated carbon. In paper A8, equations
for the first-order moment of a transmission curve, the propagation time,
and the steady-state transmission are extended to the transport of a
radioactive gas (argon-41) through an (activated carbon) adsorber bed.
The theofy used to describe the transport of gases ahd gas mixtures
through adsorber beds takes into account both solid- and gas-phase
diffusion, mass-transfer resistance, and a first-order chemical reaction.

An analytical solution of the mass balance equation for a first-order



reaction in a packed bed with diffusion was discussed in paper Al. The
longitudinal and interparticle diffusions of hydrocarbons in activated
carbon and crosslinked polystyrene is discussed in papers Al16 and Al7.
We provided additional experimental verification of the theory of
dynamics for adsorbates in adsorber beds (A7,A16,A17,A32), and extended
this theory to the transport of a radioactive gas through an adsorber bed

(A8).

4. Formulation of the Theory of Gas Adsorption on Heterogeneous

Microporous Solids and its Experimental Verification

Significant progress has been achieved in the area of adsorption of
gases and vapors on heterogeneous microporous solids (A3,A11,A12,A13,A14,
A19,A20,A21,A22,A23,A24,A25,A26,A27,A29,A30,A31). Previously, the
Polanyi-Dubinin adsorption potential theory was used to describe gas
adsorption on microporous solids including activated carbons. In papers
A3 and A19, we modified this theory and presented a rigorous physical
interpretation of the energy parameters. We showed also that the
classical adsorption potential theory is not sufficient for describing
gas adsorption on microporous activated carbons because it does not take
into account the structural and energetic heterogeneities of these
important adsorbents. In papers Al12, Al4, A20, A26, and A27, we formulated
the theory of gas adsorption on heterogeneous microporous solids. These
papers extend the Dubinin-Radushkevich equation (A14, A20, A26) and the
Dubinin-Astakhov equation (A27) to adsorptiontnlstructurally—heterogeneous
microporous solids. The energy distribution function that characterizes
the energetic heterogeneity of the microporous structure, and the energy
parameters were discussed in papers A12, A20, and A27. The thermodynamics
of adsorption on structurally heterogeneous microporous solids was
discussed in papers A23 and A25. Papers A24, A29, and A30 present a
successful application of the above mentioned theory for characterizing
the structural and energetic heterogeneities of microporous activated

carbons.

5. Studies of Mixed-Gas Adsorption Equilibria on Heterogeneous Solids

Mixed-gas adsorption was discussed in papers A5, A6, and A13. In

papers A5 and A6, we discussed adsorption interference in gas mixtures



flowing through activated carbon adsorber beds and its influence on
equilibrium adsorption isotherms. In paper Al13, we showed that a correct
description of mixed-gas adsorption equilibria on activated carbons
should include the energetic heterogeneity of these solids; accordingly,
we proposed an equation for predicting multicomponent adsorption equilibria.
This equation is associated with a Gaussian energy distribution function

that characterizes the heterogeneities of activated carbons.

6. Adsorption from Solutions on Microporous Solids

In paper A22, we presented the results of our initial studies
dealing with description of adsorption from dilute solutions on heterogeneous
microporous solids. There is no rigorous theory of liquid-solid adsorption
on heterogeneous microporous solids. Our achievements in the theory of
gas adsorption on heterogeneous microporous solids obtained under the
present research grant provide foundations for elaborating a theory of
adsorption from solutions on these solids and for characterizing liquid-
solid adsorption systems. Because our initial studies presented in paper
A22 are promising, we submitted a proposal to continue this important

research.

7. Pressure Swing Adsorption

In papers A10, A28, A34, and A35, we extended the equilibrium theory
of the pressure swing adsorption (PSA) process for a system with a linear
adsorption isotherm to systems with non-linear adosorption isotherms. We
presented analytical equations for pressure swing adsorption systems with
Freundlich and Langmuir-Freundlich isotherms; because these isotherms
take into account the energetic heterogeneities of the adsorbents, we
were able to study the influence of adsorbent heterogeneity on the PSA
process. These studies are important because the PSA process is applied

widely in gas separation processes that utilize heterogeneous solids.
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