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CHAPTER I

INTRODUCTION

The generation of medical oxygen is a crucial industry to the modern world. More
and more people are in need of medical oxygen in their daily lives as the average life ex-
pectancy continues to increase. Also, as advances in space travel continue, new technology
and separation processes are required to insure the health of future astronauts.

There are three commonly used techniques to generate pure oxygen: cryogenic dis-
tillation, water electrolysis, and adsorption. Cryogenic distillation has a high power and
equipment requirement, which is acceptable for large industrial applications. For smaller
applications, both terrestrial and space, these high power and equipment requirements are
unreasonable. Water electrolysis is the current standard for generating oxygen in a space-
craft or space station, but it can quickly exceed cabin oxygen levels when used to provide
oxygen to an injured or sick crew member, potentially creating a fire or explosive hazard.
The best method is the use of adsorption to produce a stream of pure oxygen, which can also
be further pressurized for use in the extravehicular activity suits as well as portable oxygen
generation for terrestrial applications.

To generate pure oxygen, three separation steps must take place. First, the removal of
water and strongly-bonding impurities like carbon dioxide. Second, the removal of nitrogen,
resulting in a stream consisting of 95% oxygen and 5% argon. Lastly, and the most challeng-
ing separation, argon is removed to yield a pure oxygen stream. Different zeolites have been
used for many years to accomplish the first two separations using differences in the isotherm
loadings. For the third separation, a different type of adsorbent must be utilized. Carbon
molecular sieves are able to effectively separate oxygen and argon, a feat that zeolites are

unable to accomplish.



The thrust of this dissertation is to measure fundamental adsorption equilibrium prop-
erties for adsorbents selected to be used in the next generation oxygen concentrator. The
result will benefit government and private space ventures, as well as the terrestrial medical
oxygen field. As well as fundamental measurements, this project has yielded new models
that describe the adsorption of light gases, including the constituents of air as well as light
alkanes. This is vital, as accurate predictions and models of adsorption, particularly of gas
mixtures, can further progress separation processes without the need of experiments.

Chapter 2 focuses on the adsorption of oxygen and nitrogen on a LiLSX (Li-exchanged
low silica X) zeolite, both as pure gases and binary mixtures. A new method is developed
to measure and predict adsorption equilibrium of binary mixtures across a range of com-
positions using Henry’s law data with one component in excess. To accomplish this, a new
volumetric system is constructed to measure binary adsorption equilibrium while minimizing
dead volume. Pure oxygen and nitrogen are measured on the zeolite at 25 °C and 75 °C
and modeled with a Toth isotherm. Binary mixture Henry’s law data are measured for one
component while the other is held in excess for both nitrogen and oxygen. The Henry’s law
behavior are modeled using the ideal adsorbed solution theory and the virial excess mixture
coefficients methods, where Toth isotherm is used as the isotherm model for the ideal ad-
sorbed solution theory, and the mixture coefficients are determined solely from the binary
Henry’s law behavior. Binary Henry’s law relations are developed, which agree well with the
ideal adsorbed solution theory.

Two methods are used to predict the binary equilibrium across a range of compositions:
the ideal adsorbed solution theory and the virial excess mixture coefficients. Using the
pure component isotherms and the mixture coefficients determined solely from the Henry’s
law data, the binary adsorption isotherm of oxygen and nitrogen is predicted with the two
different methods. The predicted binary isotherms are compared to experimentally measured

binary isotherms, with the virial excess mixture coefficients model describing the experiments



accurately. This new method of predicting binary adsorption equilibrium helps to construct
a comprehensive understanding of binary adsorption.

In Chapter 3, a carbon molecular sieve is investigated for the possibility of oxygen
generation and oxygen storage. This is an important separation for portable medical oxygen
devices as well as for oxygen generation for future space flight missions. Adsorption isotherms
are measured for oxygen and argon using an apparatus designed for adsorption of high
pressure oxygen. Isotherms are measured for oxygen and argon at temperatures of 25, 50,
75, and 100 °C, as well as nitrogen at 25 °C, and pressures up to 100 bar. Isosteric heats of
adsorption are determined for oxygen and argon, which are observed to be relatively constant
for increasing loadings and temperatures. High loadings are determined for oxygen, nitrogen,
and argon, and compared to other materials in the literature. The oxygen density adsorbed
in the carbon molecular sieve is calculated and compared to that of compressed gaseous
oxygen.

In Chapter 4, a SAFT-FMT-DFT approach is developed to model adsorption of chain
molecules on various surfaces. It combines a form of the statistical associating fluid theory
(SAFT), fundamental measure theory (FMT), and density functional theory (DFT) to result
in a new approach to describe chain fluids adsorbing onto straight and slit-shaped pores. The
main theory, following the initial development by Bryan Schindler for half pores,! is updated
to include the most recent FMT? and expanded to include full pores. The results and graphs
were calculated with the improved SAFT-FMT-DFT. Intermolecular attractive potentials of
increasing complexity are used to create a more accurate approach, with the results agreeing
well with simulations from the literature. Wall attractive potentials of increasing complexity
are used, ranging from hard sphere to Lennard-Jones, with results showing increasingly
realistic behavior.

In Chapter 5, the SAFT-FMT-DFT approach is used to model adsorption of light gases

in slit-shaped carbon pores. The SAFT-FMT-DFT used is the improved version presented in



Chapter 4. The pore densities, isotherms, and pore size distribution are recalculated incorpo-
rating the updated FMT as well as the use of full pores. The two gases that are investigated
are nitrogen at 77 K and n-pentane at 298.15 K. Parameters were taken from the develop-
ment of Bryan Schindler for both nitrogen and n-pentane at their respective temperatures,
with the wall described by the 10-4-3 potential for carbon walls.?® Using these parameters,
pore densities of nitrogen are modeled and used to determine the pore size distribution of
BPL activated carbon. Using the pore size distribution, along with pore densities modeled
for pentane, a pentane isotherm is predicted and compared to an experimental isotherm
measured by Bryan Schindler.*

Finally, Chapter 6 summarizes the major conclusions of this research. Included also

are recommendations for future work that have been identified as a result of this dissertation.
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CHAPTER II

DEVELOPMENT OF ADSORPTION EQUILIBRIUM RELATIONS FOR
MIXTURES FROM PURE COMPONENT ISOTHERMS AND HENRY’S LAW
BEHAVIOR WITH COMPONENTS IN EXCESS

2.1 Introduction

Understanding adsorption equilibrium is vital for designing new adsorbents and sepa-
ration processes, which require knowledge of how the pure components and mixtures behave.
Yet, measuring adsorption equilibrium for mixtures can be complicated, with the difficulty
increasing with the number of gases involved. For a binary system, one often wants to es-
tablish an equilibrium relation across a full range of compositions at a specific temperature
and total pressure. This is difficult to accomplish conveniently and accurately with com-
mon methods, as described below. This chapter proposes a new approach to establish such
adsorption equilibrium relations.

The most common technique for measuring mixture data involves the use of a volu-
metric system. A closed volume, often with a recirculation loop, is dosed with the gases to
be adsorbed, and after equilibrium is established, measured gas-phase concentrations give
the adsorbed-phase concentrations by material balance. With such a procedure, one has no
direct control over either the gas-phase or adsorbed-phase composition. Instead, a dose is
partitioned between the adsorbed and gas phases in a manner that is not known a priori.

Another technique that can be applied to gas mixtures involves the use of a gravimetric
apparatus for measurement of pressure and total mass adsorbed. With the apparatus used
in a flow-through mode, a method based on the ideal adsorbed solution theory has been
developed to permit determination of the composition of the adsorbed phase. However, this

is a rarely applied technique, as it is lacking in accuracy in typical applications.! A second



gravimetric technique measures the total mass of the adsorbate, the pressure, and the gas-
phase density. The gas-phase composition can be determined, and from that the adsorbed-
phase concentrations.? This technique can be difficult to use, especially if the gases have
similar densities, and it requires a specialized apparatus. Of course, the composition of the
gas phase could also be measured by some other means, but then this method resembles the
volumetric method.

Some additional techniques allow for the control of the gas-phase composition. The
simplest is the chromatographic or breakthrough method, in which a mixture is fed to a bed,
the full breakthrough curve is measured, and equilibrium adsorbed-phase concentrations
are determined by material balance. To overcome inaccuracies typically involved with the
method, specially designed flow-through apparatuses have been constructed. With these,
the mixed feed gas flows over the adsorbent until equilibrium is established, and then the
adsorbate is completely desorbed and its quantity and composition are determined.3* The
shortcomings of this method are the time required to measure each data point and the need
to capture all of the gas that desorbs. Clearly, there is a need for a simpler method to
establish mixture adsorption equilibrium relations across a full range of compositions.

Independently from the measurement methods, many models have been developed to
describe the adsorption of gas mixtures, with the adsorbed solution theory being of ma-
jor underlying importance. Several are variations on the Langmuir isotherm, such as the
dual-site Langmuir model,® the multi-site Langmuir model,® and the dual-process Langmuir
model.” One of the most successful methods for treating highly nonideal systems is through
the use of the virial equation of state (VEOS). The parameters in the VEOS can be related
directly to intermolecular forces, and the number of terms can be expanded or truncated
depending on the complexity of the system. Also, it is a straightforward matter to include
binary mixtures within the VEOS formalism.®° The VEOS has been extended to create

other approaches, including the virial excess mixture coefficient (VEMC) method,!® which



we will use here. The VEMC method uses the ideal adsorbed solution theory (IAST)!! as
its base and adds mixture terms from the VEOS to correct for nonidealities. 1?1213

This chapter includes measurements of pure and mixed gas adsorption equilibria for
oxygen and nitrogen on LiLSX (Li-exchanged Low Silica X) zeolite, a common system used
for air separation by pressure swing adsorption. Pure gas studies on zeolites for oxygen and
nitrogen adsorption have been conducted using multiple methods, including flow-through, '

15-20,22,24

volumetric, and gravimetric systems.?3?* Binary gas studies have been performed

1417 as well as predicted using multiple theories.>?* To the best

with volumetric systems,
of our knowledge, the data in this chapter are the first reported on a commercial LiLSX
adsorbent that cover a full binary composition range for oxygen and nitrogen at multiple
temperatures and pressures.

In this chapter, we introduce a novel approach for developing accurate adsorption
equilibrium relations for mixed gases. It is based on measuring Henry’s law coefficients
for a trace component with another component present in excess, with the amount of that
excess component varied over the range of its pure component isotherm. In our view, under
these circumstances, the trace component is exhibiting a maximum extent of non-ideality,
as it is as far away as possible from pure component behavior. These nonidealities are

incorporated into the theory by adding correction terms to the ideal adsorbed solution theory.

All measurements can be performed quite easily with a volumetric apparatus.

2.2  Theory

Definition of Henry’s Law for Gas Mixtures

Thermodynamic consistency of adsorption equilibrium signifies adherence to the Gibbs

adsorption isotherm, which is

Adr = Z n; du; (constant T") (2.1)



where A is the surface area of the adsorbent, 7 is spreading pressure, n; is the adsorbed-phase
concentration of component ¢, and p; is the chemical potential of component 7. If adsorption
isotherm equations for an ideal or nonideal mixture are developed from an equation of state
for spreading pressure by application of the Gibb’s adsorption isotherm, then the isotherms
will be thermodynamically consistent by definition.

Our concern in this chapter is the application of eq 2.1 to binary systems, with the
extension to multicomponent systems being straightforward. For an ideal gas, substitution

of the chemical potential into eq 2.1 gives

A ny %)
—dn=—d —d 2.2
RT " 4! pt P2 b2 (2.2)

This equation must be integrated along a path from 7 = 0 at p; = p, = 0 to the final state

at [p1, po], which then permits isotherms to be obtained from

ni _ J(rA/RT) (2.3)
Di Ip; p;

If both components are in their respective Henry’s law limits (i.e., n; = K;p; and ny =

K5 po), then integration of eq 2.2 gives simply

TA
ﬁ=K1p1+K2p2=n1+n2 (2.4)

However, if component 1 is in excess and only a trace of component 2 exists, then we can

integrate eq 2.2 along a path from [0, 0] to [p1, 0] and then to [p;, p2]. This gives

7TA_ TA

BT~ RT + Hypo (2.5)

pure 1
at p1

where the Henry’s law coefficient for trace component 2 with component 1 in excess is defined

by
ang
Hy= —
? Op2

as py — 0 (constant T') (2.6)
D1

Note that from eqs 2.3 and 2.5, we have simply Hy = ny/py as py approaches zero at constant

p1- Thus, in this chapter, we use eq 2.6 as the definition of the Henry’s law coefficient of



component 2 for a binary gas mixture with component 1 in excess. We note that in general,
for mixtures with more components, we would have

on;
H; = H,(p,, T) = aZ- Cas pi 0 (2.7)

pj

where i ¢ j.

Relation to Ideal Adsorbed Solution Theory

s based on a few key

The ideal adsorbed solution theory of Myers and Prausnitz
equations. First and foremost, the partial pressure of a gas over an adsorbed phase is given
by

P, =x; P’(m) (constant T) (2.8)

where the pure-component standard state P is evaluated at the spreading pressure of the

mixture. The spreading pressure for a pure component is obtained by integrating eq 2.1 to

TA Ly
= Zap 2.9
i / " ap (2.9)

obtain

A pure component isotherm is represented by n¢ = n2(FP?). With all components at the
spreading pressure of the mixture, the total quantity adsorbed is calculated from the Ama-
gat’s law expression

1 I T

L_n (2.10)

o o
ng ny  ng

Quantities adsorbed for the individual components are then given by
N = TiMy (2.11)

For the case of component 1 being in excess and component 2 being in its Henry’s law
limit, since x; ~ 1, the spreading pressure of the mixture and the total quantity adsorbed

will be determined largely by the component in excess, i.e.,
ng ~n (2.12)

10



as given by eq 2.10. Therefore, from eqs 2.8, 2.11, and 2.12, the Henry’s law constant is

o o
N9 . To Ny . nq

Ho = —= = —
TP m P P

(2.13)

where all standard state quantities are evaluated at the spreading pressure of the mixture.
This is a powerful relation, with the binary Henry’s law constant of trace component 2,
with component 1 in excess, depending only on the pure component 1 loading and the pure
component 2 pressure at the spreading pressure of the mixture. As n; — 0, eq 2.12 no longer
applies, and the Henry’s law coefficient becomes simply Hy = nsy/P,, the pure component

value.

Incorporation of Virial Excess Mixture Coefficients

The virial equation of state is one of the most accurate theories for describing highly nonideal

systems. For a pure gas, the virial equation is

TA
ﬁ =np + Bnnf + 011171? + ... (214)

For a binary mixture, the virial equation gives the spreading pressure using both pure com-

ponent and mixture coeflicients in the form

TA

RT — ni + Buni + Ciuni + ...+

Ny + BQQTL% + 022277,3 + ...+
2312%1”2 + 3011271%7%2 + 30122711”% —+ ... (215)
The mixing at a surface in an adsorbed solution can be considered as arising from both

ideal and excess mixing contributions. Thus, each virial mixture coefficient can be written

as the sum of ideal and excess contributions, for example
id E
By = Bjj + Bj; (2.16)

where B/ and B are the ideal and excess mixing coefficients, respectively. '°

11



The virial equation of state can be rearranged with these new coefficients incorporated
to give

TA

ﬁ = nl—i-Ban—i-C'lun‘i’—i-...—i—

No + ngng + 0222713 + ...+
2Bniny + 3014 n2ny + 3C1 % mn3 + ...+

2B15niny + 30H,n3ny + 30T, in3 + . . . (2.17)

which can be represented in terms of contributions by

TA 7wA TA A" rA P
RT = ®T|,,., " ®T|,.," BT|.. " BT (218)
purel pure 2 mixring mixring
or
A A AP
a_Tay L4 (2.19)
RT RT IAS RT miring

where 7A/RT|,,., and 7A/RT|,, ., signify the contributions from the pure components;
wA/RT |::mn , signifies the ideal surface mixing contribution as given by the third line in
eq2.17, TA/RT \fmm , Signifies the excess surface mixing contribution as given by the fourth
line in eq 2.17; and wA/RT|,,q signifies the total contribution from an ideal adsorbed
solution, i.e., the summation of the first three lines of eq 2.17 or the first three terms on the

right side of eq 2.18. Thus, the equation of state is

7TA_ TA

" = BT " + 2BEning 4+ 3CEning + 3CHnin3 + ... (2.20)

The corresponding isotherms are!©

3
Inp; = Inpragi + 2B5ng + 3CH,ning + 501%271% +... (2.21)

3
Inpy = Inprags + QBﬂnl + 50{31271% + 301E22n1n2 + ... (2.22)

where prag;, the partial pressure of component ¢ in equilibrium with an ideal adsorbed

solution, can be calculated from the IAST.
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All mixture coefficients through the ternary C-terms can be evaluated from Henry’s
law data measured with a second component in excess. Thus, writing eq 2.21 in the Henry’s

law limit for component 1 (i.e., ny — 0) with component 2 in excess and vice versa for eq 2.22

gives
3
In & = — h'lHl =—1In Kl + 2312712 + 50122’]13 + ... (223)
n
P2 3 2
In=—==—-In H2 = —In K2 -+ 2B12n1 -+ 50112711 + ... (224)
U]

where Hy = Hy(ng) and Hy = Hy(ny) are the Henry’s law coefficients with the second com-
ponent in excess. Note that eqs 2.23 and 2.24 contain all of the virial cross-coefficients that
appear in eq 2.15 or 2.20. Thus, all information needed to determine adsorption equilibrium
for the mixture using the virial equation of state through C-terms is contained in the pure
component isotherms and the Henry’s law coefficients measured with the second component

In excess.

2.3 Experimental Section

Materials

The LiLSX zeolite used in this research was Oxysiv MDX in 30 x 60 mesh form (lot
2010011670) from Honeywell UOP. All data were measured on a single 0.9085 g sample of the

zeolite. All gases were ultrahigh purity (99.99%) and obtained from Airgas and Air Liquide.

Apparatus

The volumetric apparatus is shown in Fig. 3.1. A diaphragm pump was used to re-
circulate gases in a closed loop. Pressures were measured with an MKS Baratron Type
121A pressure transducer, which was located within the recirculation loop to minimize dead
volume and to ensure proper mixing. These pressure measurements were used with the

dosing cylinder to determine the amounts of adsorbable components in the apparatus. The

13



gas chromatograph was an Agilent Technologies 7890A with a TCD detector and 15 m 5A
zeolite-lined column. Injections to the gas chromatograph were accomplished using a 6-port,
2-position VICI gas sampling valve. The volume of the recirculation loop, determined by
helium expansion, was 44.7 mL; of this volume, 10.7 mL was associated with the region con-
taining the pressure transducer. A mechanical vacuum pump was connected to the apparatus

to provide vacuum.

Measurement of Adsorption Equilibria

The zeolite was regenerated at 300 °C in a Micromeritics ASAP 2020 porosimeter
to determine the dry weight. The sample was then loaded into the adsorption bed and
regenerated a second time under vacuum at 300 °C overnight.

Pure gas isotherms were measured by stepping up isotherms in the usual manner for a
volumetric system. The gas charges to the system were determined using the dosing volume
and pressure transducer. Residual gas-phase concentrations were measured with the gas
chromatograph.

To measure binary equilibria in the Henry’s law limit, the region containing the dosing
cylinder and pressure transducer was isolated, evacuated, and then charged with the trace
gas. The pressure was recorded, and valves were switched to permit entry of a small amount
of the gas to the recirculation loop, with that amount determined by the pressure reduction.
The pressure transducer region was then isolated, re-evacuated, and the gas to be present
in excess was introduced similarly. The recirculation pump was activated, allowing the
system to equilibrate, generally overnight. Multiple injections were introduced to the gas
chromatograph to yield an accurate reading, and these were accounted for in the material
balance. More of the excess gas was then added to the recirculation loop for the next data
point. Prior to switching gases, the adsorbent was regenerated at 300 °C under vacuum for

8 hours. Some helium was added to the system to enable the recirculation pump to function
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optimally.

To measure binary equilibria over the full recomposition range at 0.25 and 1 bar at 25
and 75 °C, a similar procedure was followed. Both gases were introduced to the system in
non-trace amounts. After a measurement had been completed, the adsorbent was regenerated
prior to introducing gases for the next data point. Some helium was added to the system

for measurements at 0.25 bar.

2.4 Results and Discussion

Pure Gas

Pure component isotherms were measured for nitrogen and oxygen at 25 and 75 °C
and pressures up to 5 bar and are shown in Figure 3.2. These were described by the Toth

isotherm, written in the form?!

B NKP 5 95
" [ P .

where N is the monolayer capacity, K describes the adsorption affinity, and ¢ is a measure of
adsorbent homogeneity. The Toth isotherm parameters are given in Table 2.1. These were
obtained by minimizing the sum of the differences between predicted and measured values

of In P. Spreading pressures were calculated for the pure components using?%

A 0 ©, it
RT p (=9 th(jt+ 1) (2.26)

J=1

where § = n/N.

Binary Henry’s Law

Henry’s law coefficients with one component in excess were measured using the pro-
cedure described above. The partial pressure of the trace gas was less than 2% of the total

pressure near 1 bar. The gas present in excess was increased in pressure at regular intervals
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Figure 2.2: Pure gas adsorption isotherms at 25 and 75 °C. (a) nitrogen and (b) oxygen.
Curves are Toth isotherms.
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Table 2.1: Parameters for pure component Toth isotherms.

Gas T N K t
K  mol/kg  bar!
Nitrogen 298.15  3.77 0.582 0.721
348.15  2.87 0.253 0.720
Oxygen 298.15 2.17 0.111 0.946

348.15  2.09  4.87x107% 0.918

as measurements were made. At the lowest pressures, both gases were in the linear ranges
of their respective pure component isotherms.

Mixture data were described by two methods. Toth IAST is used below to indicate
that the ideal adsorbed solution theory was used with the pure component Toth isotherms
to predict the binary equilibria. Toth VEMC indicates that virial excess mixture coefficients
were added to the method, as given by eqs 2.21 and 2.22.

Binary Henry’s law behavior for 25 and 75 °C is shown in Figures 3.4 and 3.5 for
nitrogen and oxygen, respectively. Note that the Henry’s law coefficient for nitrogen decreases
strongly at oxygen pressures below 0.25 bar. The Henry’s law coefficients were modeled
with the Toth IAST and Toth VEMC relations. The VEMC mixture coefficients, given in
Table 2.2, were obtained by minimizing the sum of the differences between predicted and
measured values of In P in eqs 2.23 and 2.24. The mixture Henry’s law relation developed
in eq 2.13 agrees with the trial-and-error calculations using the IAST, overlapping the IAST
curves of Figures 3.4 and 3.5. The Toth IAST is able to describe the binary Henry’s law data
with some success; however, the lack of a quantitative fit suggests that there are nonidealities
in the mixture. The Toth VEMC accurately describes the Henry’s law behavior for both

gases at 25 and 75 °C.
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Table 2.2: Mixture parameters for Toth VEMC isotherm model.

T By Cli Clay

K (mol/kg)™"  (mol/kg)™* (mol/kg)
298.15 2.89 -6.71 -3.98
348.15 1.39 -14.9 -2.41

Binary Equilibrium Isotherms

Binary equilibria were measured for nitrogen and oxygen at 25 and 75 °C and are
shown in Figures 3.6 and 3.7. The isotherms were measured over the full composition space
at total nominal pressures of 0.25 and 1.0 bar.

The binary equilibria over the full composition range were predicted for both gases
using the Toth IAST and Toth VEMC. The three mixture parameters of the Toth VEMC
were determined solely from the binary Henry’s law data. The Toth TAST, while able to
predict the general trends in the isotherms, is not quantitatively accurate, suggesting that
the mixture has a nonideal aspect that is not accounted for by the TAST. However, using the
mixture parameters deduced from the Henry’s law measurements, the Toth VEMC accurately
predicts the equilibria over the full range of compositions. This is noteworthy, as it gives a
full spectrum understanding of binary mixtures and how the Henry’s law behavior ultimately

affects the binary isotherms.

2.5 Conclusions

A new approach for constructing adsorption equilibrium relations for gas mixtures has
been reported in this chapter. Pure isotherms are measured as well as Henry’s law coefficients
for a trace gas with another gas in excess; under this condition, the trace gas is as far away
as possible from its pure component behavior and thus should be exhibiting a maximum
degree of nonideality. Virial excess mixture coefficients can be calculated from the Henry’s

law data, and these can be used to improve the predictions of the ideal adsorbed solution
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theory. The entire approach begins with an equation of state and is thermodynamically
consistent. Activity coefficients, if desired, can be calculated as described elsewhere. !

To test the approach, pure component adsorption isotherms were measured for oxygen
and nitrogen adsorbed on a LiLSX zeolite at 25 and 75 °C at pressures up to 5 bar. These
data were described accurately using the Toth isotherm. Binary Henry’s law behavior was
measured with one component in excess for both nitrogen and oxygen. A new IAST relation,
given by eq 2.13, was developed for the binary Henry’s law coefficient with a component in
excess using pure component loadings and pressures at the mixture spreading pressure, and
it agrees with traditional calculations. A Toth TAST model was able to describe the general
shape of the data, but was not able to account for nonidealities accurately. Inclusion of virial
mixture coefficients, calculated solely from the Henry’s law data, led to much more accurate
predictions of the Henry’s law mixture data.

Binary adsorption isotherms of nitrogen and oxygen were measured across a full range
of compositions at 25 and 75 °C and nominal pressures of 0.25 and 1.0 bar. These were
predicted using the Toth IAST and Toth VEMC methods, the latter using the mixing pa-
rameters obtained exclusively from the binary Henry’s law measurements. The Toth TAST
method was able to predict the general qualitative trends in adsorption equilibria, but did
not give accurate quantitative predictions. The Toth VEMC was able to predict the binary
equilibria accurately for the full range of compositions, pressures, and temperatures. Thus,
by using Henry’s law data with one component in excess, an accurate adsorption equilibrium

relation could be developed for the mixture.
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CHAPTER III

HIGH PRESSURE EXCESS ISOTHERMS FOR ADSORPTION OF
OXYGEN AND ARGON IN A CARBON MOLECULAR SIEVE

3.1 Introduction

The demand for pure oxygen is widespread. It is used to sustain life in the medical
profession as well as in specialized applications such as space environments, scuba diving,
and mountaineering. It is essential in the steel industry and contributes to the high tem-
peratures of oxy-hydrogen and oxy-acetylene blow torches. In semiconductor fabrication, it
is a component in the chemical vapor deposition of silicon dioxide, in diffusional operations
for film growth, and in plasma etching and the plasma stripping of photoresistors. It is also
used in a wide variety of other scientific, laboratory, commercial, and industrial applications.

Gas storage via adsorption is a targeted technology for future applications including
methane and hydrogen storage in transportation vehicles. For these, the goal is to increase
the volumetric capacity of a storage vessel and to increase the margin of safety in using
pressurized gases by lowering pressures. NASA has an interest in generating pure oxygen
from spacecraft cabin air for use in backpacks at high pressure for extravehicular activity.!
The possibility exists to store oxygen in adsorptive media for this and in other applications
such as for first responders.

Air separation to produce oxygen or nearly pure oxygen is generally performed by
two methods. Cryogenic distillation is typically the source of pure oxygen, but it has high
capital equipment requirements. While this is acceptable for large industrial applications,
the demand for smaller sources is increasing. Adsorption processes, namely pressure-swing
adsorption (PSA), vacuum-swing adsorption (VSA), and pressure-vacuum-swing adsorption

(PVSA) find extensive application on more moderate scales including for medical oxygen
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concentrators for home and portable use.

The generation of pure oxygen from air through adsorption is a difficult process. First,
the nitrogen, carbon dioxide, and water vapor must be removed. This is commonly ac-
complished using zeolites in an equilibrium-based separation. There have been many such
studies for PSA, 2% VSA, ! and PVSA.!! Nitrogen is adsorbed preferentially over oxygen on
the zeolites. Argon is weakly adsorbed and remains with the oxygen, resulting in a product
stream consisting of approximately 95% oxygen and 5% argon.

Then, the argon must be removed to produce a stream of purified oxygen. This is
a more difficult separation than the one for oxygen and nitrogen. There have been studies
based on zeolites, %1912 but argon does not show an appreciable difference in isotherm loadings
from oxygen. A carbon molecular sieve (CMS) separates gases based on differences in mass
transfer rates through constricted pores. This adsorbent is well suited for the separation of
oxygen and argon, as the mass transfer rate of argon is approximately 60 times slower than
oxygen.?

There is a need for adsorption equilibrium data and descriptive equations to address
design needs for separation and storage processes involving oxygen and argon at high pres-
sures. While there have been prior equilibrium studies of oxygen and argon adsorption on
CMS materials, %419 the pressures do not exceed 20 bar near room temperature (293 to 313
K) or 5 bar for a broader temperature range.

In this chapter, adsorption equilibria of oxygen and argon are reported for a CMS
adsorbent, Shirasagi MSC-3R Type 172. The data were measured using a volumetric system
designed for oxygen service and cover the temperature range of 25-100 °C and pressures
as high as 100 bar. For oxygen, because of safety concerns, only the 25 °C isotherm was
measured to 100 bar, with higher temperature isotherms measured to 12 bar. A high pressure
nitrogen isotherm at 25 °C was also measured for comparison. The data are represented as

excess adsorption isotherms and are analyzed using a traditional temperature-dependent
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isotherm model, allowing for accurate prediction of adsorption loadings over wide ranges of
temperatures and pressures. Finally, the data for oxygen, argon, and nitrogen are compared
with loadings measured on other adsorbents, and the capability for adsorptive storage of
oxygen is evaluated.

This chapter reports the highest pressure measurements to date of oxygen and argon
isotherms on a carbon molecular sieve and is the first to examine the potential of the material

for oxygen storage.

3.2 Materials and Methods

Materials

Shirasagi MSC-3R Type 172 carbon molecular sieve (lot M398) was supplied by Japan
EnviroChemicals, Ltd. It is a coconut shell-based material and was in 1.8 mm pellet form.
This material was chosen originally because of its ability to separate oxygen and argon on a
rate-selective basis. All gases were ultrahigh purity (99.99%) and obtained from Airgas and
Air Liquide.

Apparatus and Procedures

The volumetric apparatus and procedures used in this work have been described previ-
ously.! The adsorbent sample was degassed first using a Micromeritics ASAP 2020 porosime-
ter to determine the adsorbent mass. Approximately 4 g of sample was heated to 100 °C
for 1 h under vacuum and then held at 300 °C for an additional 10 h under vacuum. After
the dry sample mass was measured, the sample was loaded into the adsorbent bed of the
volumetric apparatus, where it was regenerated again by heating at 300 °C under vacuum
overnight. To determine the accessible volume on the sample side of the apparatus, helium
expansions were performed at the highest measured isotherm temperature (100 °C) to reduce

any potential helium adsorption effects. The sample was then regenerated a final time at
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300 °C under vacuum overnight.

All of the data presented in this chapter were obtained using a single charge of CMS. It
was regenerated in situ between isotherm measurements by heating to 200 °C under vacuum.
Data were measured in the following order: (1) oxygen isotherms in order of increasing
temperature to 12 bar, (2) argon isotherms in order of increasing temperature to 100 bar,
(3) the 25 °C oxygen isotherm from 10 to 100 bar, and (4) the 25 °C nitrogen isotherm to

100 bar.

3.3 Results and Discussion

Measured Isotherms

Adsorption isotherms for oxygen and argon are shown in Figs. 3.1 and 3.2, respectively,
with data for oxygen, argon, and nitrogen tabulated in Tables 3.1, 3.2, and 3.3. All adsorbed
quantities are excess adsorption, calculated as in our previous study.! Compressibility factors
for all gases were calculated using the commercial NIST REFPROP program.

Due to the pore constrictions introduced during manufacturing, rates of uptake on
CMS materials are generally slow compared to adsorbents developed for equilibrium-based
separations. Time constants for the rate of adsorption on Shirasagi MSC-3R Type 172,
based on results of separate experiments performed using a frequency response method,? are
about 2 minutes for oxygen, 1 hour for nitrogen, and 2 hours for argon; these correspond
to times near the middle of an uptake curve. To approach adsorption equilibrium fairly
closely, oxygen took hours and argon and nitrogen took about a day. We allowed at least
48 h for equilibration for all gases before recording any final measurements. For oxygen
at low temperatures and pressures, we allowed up to 200 h for equilibration, because after
a relatively rapid initial uptake and pressure reduction, a very slow exponential decline to
a slightly lower pressure was observed (i.e., ~1% drop in pressure between 48 and 200 h).

This is possibly due to the ultimate transport of oxygen through tight pore constrictions,
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which were too narrow for argon or nitrogen to pass through. It could also be due to
a chemisorption process involving a small fraction of the carbon surface. We note that
the aging of CMS adsorbents in oxygen containing environments has not been conclusively
established, although it is recognized for cellulose-based CMS membranes;!? studies have
been directed toward stabilizing CMS adsorbents by hydrogen treatment, which may reduce
significant oxygen chemisorption, should it occur.?’ Additional details about the approach
to equilibrium of oxygen are provided in Appendix A. We also note that our data were
reproducible after regeneration (see Fig. 3.1).

As shown in Figs. 3.1 and 3.2, the oxygen and argon isotherms are linear at pressures
up to about 100 kPa. A line of slope unity is shown in the figures to emphasize this linearity.
The decrease in slopes of the isotherms is easily apparent by a pressure of 10? kPa, with this
decrease being smooth and gradual. Adsorbed-phase loadings for both oxygen and argon
are near 10 mol/kg at 25 °C and 10* kPa, with argon having a slightly higher loading.
The oxygen isotherms appear to be more temperature sensitive than those for argon, as the
loadings for oxygen decrease more with increasing temperature.

Isotherms for oxygen, argon, and nitrogen at 25 °C are compared in Fig. 3.3. The
three gases have similar loadings across the entire pressure range, with argon having slightly
higher loadings than oxygen or nitrogen. Also, all three gases have nearly linear isotherms
up to 100 kPa. This linearity suggests that there is little interaction of molecules in the ad-
sorbed phase, so adsorbed-phase concentrations in a mixture of the gases should be described

reasonably well by partial pressures and pure gas isotherms.
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Figure 3.1: Excess adsorption isotherms for oxygen on Shirasagi MSC-3R Type 172. Solid
curves are multi-temperature Toth model. Dashed line has a slope of unity. Additional data
at lower pressures are included in Table 3.1. Data at 25 °C near 10® kPa are reproduced
following regeneration.
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Figure 3.2: Excess adsorption isotherms for argon on Shirasagi MSC-3R Type 172. Solid
curves are multi-temperature Toth model. Dashed line has a slope of unity.
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Table 3.3: Nitrogen excess adsorption data on MSC-3R Type 172

25 °C
P (kPa) n (mol/kg)
44.8 1.24x1071
117 3.13x107!
317 7.47x107!

965 1.89
2320 3.73
5520 6.64
11000 8.54

Isotherm Model

Adsorption equilibrium models can provide accurate descriptions of the temperature
and pressure dependence of data over wide ranges. Many such models are available, and the

temperature dependent Toth equation?! is adopted here. The Toth isotherm is

nsbP
" T Py (3.1)

where ng is the saturation loading, b describes the adsorption affinity, and ¢ represents

adsorbent homogeneity. Temperature dependences are given by

ne = ny exp [X (1 _ %)} (3.2)
b= by exp [R%) <? - 1)] (3.3)

t:t0+a<1—%) (3.4)

where y and « are empirical parameters, and () is the isosteric heat of adsorption in the
Henry’s law limit. The nitrogen isotherm was modeled using the basic Toth isotherm given
by eq 3.1. Using Ty = 273.15 K as the reference temperature, the Toth parameters for all
three gases were obtained via a least squares analysis and are given in Table 3.4. Solid curves
using the parameters for oxygen and argon are plotted in Figs. 3.1 and 3.2, and they describe

the data well.
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Figure 3.3: Excess adsorption isotherms for oxygen, argon, and nitrogen on Shirasagi MSC-
3R Type 172 at 25 °C. Dashed line has a slope of unity.
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Table 3.4: Model parameters for multi-temperature Toth equation

No X b() Q/(RT()) t() (0%
mol kg kPa™!
Oxygen 14.4 1.23  3.69x1072 5.52 1.00  1.89x1072
Argon 185  0.589 2.43x1072 3.89 0.858 1.38x1072
Nitrogen®*  15.8 1.74x1072 0.778
*Nitrogen parameters are ng, b, and t as shown in eq 3.1.

Isosteric Heat of Adsorption

The isosteric heat of adsorption for a pure component can be calculated using the

Clausius-Clapeyron equation from isotherms at different temperatures using

In P
AH,q, = 2RT? M’ (3.5)

aT
} (3.6)

Isosteric heats for oxygen and argon at 25 and 100 °C on MSC-3R Type 172 are shown

For the Toth isotherm, the isosteric heat of adsorption with z = 1 is?!

bP
(1+ (bP)H)

« RT()

A]¥ads = Q - +

{m(bp) — [1+ (bP)"] In

as a function of loading in Fig. 3.4. They are only weakly temperature dependent over our
range of interest. The isosteric heats are constant over the linear range of the isotherms and
decrease slightly as the slopes of the isotherms decrease. We obtain isosteric heats at zero
loading of approximately 12.5 kJ/mol for oxygen and 8.9 kJ/mol for argon. These agree
reasonably well with respective predicted values of 10.7 kJ/mol and 9.0 kJ/mol,* although
measured values for other carbon molecular sieves are higher, 16 kJ/mol for oxygen?? and

18 kJ /mol for argon.'s

Comparison with Other Adsorbents

Adsorption isotherms for oxygen on various adsorbents at 25 °C are shown in Fig. 3.5.

Shirasagi MSC-3R Type 172 gives high loadings, similar to those of a superactivated car-
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Figure 3.4: Isosteric heat of adsorption as a function of loading on Shirasagi MSC-3R Type
172 at 25 and 100 °C. Curves overlap for each gas.

41



bon,?* and the highest at 10* kPa. The Takeda 3A CMS!® and BPL activated carbon give
similar loadings that are somewhat lower at high pressures than MSC-3R Type 172 and the

superactivated carbon. The 13X zeolite! and the titanosilicates?42°

give comparatively low
loadings.

Figure 3.6 shows the 25 °C adsorption isotherm for argon on MSC-3R Type 172 com-
pared to 25 °C argon isotherms on other adsorbents. MSC-3R Type 172 gives the highest
loadings at high pressures. The 5A zeolite?® and BPL activated carbon give similar load-
ings, with both having higher loadings than Takeda 3A CMS. MSC-3R Type 172 has higher
isotherm slopes than Takeda 3A CMS.'® The titanosilicates?*?® give comparatively low load-
ings, which are similar to those for oxygen on these adsorbents.

Figure 3.7 shows 25 °C adsorption isotherms for nitrogen on various adsorbents. MSC-
3R Type 172 followed closely by BPL activated carbon give the highest loadings for isotherms
measured to high pressure. The isotherm for 13X zeolite,! also measured in our laboratory,
and Takeda 3A CMS!® give similar loadings for nitrogen. The capacity of MSC-3R Type
172 is three times that of 13X zeolite at 10* kPa. The capacities of the titanosilicates?*?5 at
high pressure are not apparent.

Although both are carbons, there are notable differences between MSC-3R Type 172
and BPL. BPL is a coal-based carbon with a surface area of approximately 1200 m?/g and
a median pore width of approximately 12 A but depends on the method used in porosity
analysis.?® The MSC-3R is a coconut shell-based carbon with a surface area of approximately
750 m?/g and two average pore widths of 3.5 and 6.0 A, based on a similar material.®
Although BPL has a higher surface area, the reduced average pore size in MSC-3R created

during production results in higher excess adsorbate densities at high pressures.
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Figure 3.5: Adsorption isotherms for oxygen on several adsorbents at 25 °C. Solid curve is
plot of eq 3.1 with parameters for oxygen.
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Figure 3.6: Adsorption isotherms for argon on several adsorbents at 25 °C. Solid curve is
plot of eq 3.1 with parameters for argon.
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Figure 3.7: Adsorption isotherms for nitrogen on several adsorbents at 25 °C. Solid curve is
plot of eq 3.1 with parameters for nitrogen.
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Adsorptive Storage of Oxygen

The possibility of using an adsorbent for gas storage can be explored using an adsorp-
tion isotherm and the physical properties of the adsorbent. The total volumetric capacity

for a mass of adsorbent is given by?"
Prot = po + €'c (3.7)

with

€ =e+x(l—c¢) (3.8)

where py is the bulk density of the packing, € is total voidage (with contributions e from
packing interstices and x from total porosity), and ¢ = P/(zRT) is the gas molar density.

Figure 3.8 shows two curves for 25 °C: the oxygen density in an unpacked vessel and the
oxygen density in a vessel packed with MSC-3R Type 172 CMS. We used p, = 705 kg/m?,
e = 0.35, and y = 0.46; the value of p, corresponds to the center of the manufacturer’s
range (680-730 kg/m?),%® and the value of y corresponds to a similar material (Shirasagi
MSC-3K Type 162).2 Oxygen gas is nearly ideal over the entire pressure range, with the
compressibility factor reaching 0.95 at 10* kPa. Over the linear range of the isotherm, the
packed vessel contains 5.3 times the amount of oxygen as an unpacked vessel. At 10° kPa,
the packed vessel contains about 4.3 times, and at 10* kPa it contains about 43% more.
Expressed another way, for vessels of the same volume, vessels packed with adsorbent at
230 kPa and 4650 kPa would contain the same amount of oxygen as unpacked vessels at
103 kPa and 10* kPa, respectively.

The performance of MSC-3R Type 172 CMS for oxygen storage on a volumetric basis
will exceed that of a superactivated carbon. Although the isotherms on a mass of adsorbent
basis are similar on the two adsorbents, the CMS is denser than the superactivated carbon,
and thus gives a much larger contribution from the first term on the right side of eq 3.7.

For example, the particle density of AX-21 superactivated carbon? is 700 g/cm?®, which
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Figure 3.8: Oxygen storage densities with Shirasagi MSC-3R Type 172 at 25 °C compared

to bulk gas.
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corresponds to a bulk density of 455 kg/m? using € = 0.35.

3.4 Conclusions

Surface excess isotherms for oxygen and argon adsorbed on Shirasagi MSC-3R Type
172 carbon molecular sieve over the temperature range 25-100 °C and pressures up to 10* kPa
have been measured. These are the highest pressure oxygen and argon isotherms reported
for a carbon molecular sieve. Excess loadings for oxygen and argon approach 10 mol/kg at
10* kPa and 25 °C. Oxygen, argon, and nitrogen isotherms have similar loadings and linear
slopes up to 100 kPa at 25 °C.

The measured isotherm data have been analyzed using traditional methods. The oxy-
gen and argon data were modeled with a multi-temperature Toth equation, while the nitrogen
data were modeled with the classic Toth isotherm. The isosteric heats of adsorption were
determined to be 12.5 kJ/mol for oxygen and 8.9 kJ/mol for argon over the linear ranges of
the 25 °C isotherms.

The isotherms for oxygen, argon, and nitrogen adsorption on Shirasagi MSC-3R Type
172 have been compared to isotherms in the literature for these gases on other adsorbents.
The CMS has the highest loadings and isotherm slopes at 10* kPa, including somewhat
higher loadings than a superactivated carbon.

The high capacities of the adsorbent suggest potential as an adsorbent in the produc-
tion and storage of pure oxygen. Calculations performed for oxygen storage indicate that
volumetric density is increased over bulk gas by a factor of more than 5 at low pressure, drop-
ping to 4.3 at 103 kPa and 1.43 at 10* kPa. While less important in a separation process,
as a precautionary measure for storage, the potential chemisorption of oxygen on a carbon
surface and the possible creation of gaseous impurities need further study, particularly if the

oxygen is to be used for breathing.
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CHAPTER IV

ADSORPTION OF CHAIN MOLECULES IN SLIT-SHAPED PORES:
DEVELOPMENT OF A SAFT-FMT-DFT APPROACH

4.1 Introduction

The use of molecular simulation, the development of accurate models, and the compar-
ison of theoretical predictions with experimental results help to advance our understanding
of adsorption and its application. The introduction of density functional theory (DFT) to
model inhomogeneous fluids represented a significant advance towards understanding con-
fined fluid behavior and was encouraged by the desire to model a variety of phase transitions
accurately.

Many versions of classical DF'T have been proposed to calculate thermodynamic prop-
erties of systems of varying complexity. In an early treatment, Tarazona®? introduced a
weighted density approximation for spherical molecules in which a power series expansion in
density was used to describe the direct correlation function. This approach has been applied
to many problems in adsorption.*!? Our development is based instead on the application
of fundamental measure theory.

d?021 and later im-

Fundamental measure theory (FMT) was developed by Rosenfel
proved upon by Roth et al.'® as an extension of scaled particle theory for inhomogeneous
fluids. However, Roth’s advancement of FMT could not satisfy one of the central equations
of the Rosenfeld FMT; specifically, the theory was not consistent with the scaled particle
theory differential equation in the bulk.'®?? This led to an improvement by Hansen-Goos
and Roth,?? which corrected the inconsistency. FMT uses simple geometric factors that

describe the direct correlation function, and it has been used for a variety of applications

in phase transitions®!¢ and adsorption.%161? Reviews!%2%2! of the development of DFT for

52



spherical molecules are available for both the weighted density approximation and FMT.
Evans?! elaborates on the success of incorporating Rosenfeld’s FMT into a DFT, including
for mixtures of hard spheres.

There is much interest in expanding the use of DFT to systems of more complex
molecules, such as chain fluids and polymers. In order to predict the properties of such

1417 on thermodynamic perturbation theory

molecules, the pioneering work by Wertheim
was utilized to develop the statistical associating fluid theory (SAFT) equation of state.

In the SAFT approach, a fluid is described by a chain of tangentially bonded monomer
segments that interact via dispersion and association interactions. The free energy is ob-
tained from a sum of the different contributions that account for the monomer-monomer
interaction, chain formation, and intermolecular association. Since the SAFT EOS has a
firm basis in statistical mechanical perturbation theory for well-defined molecular models,
systematic improvement (e.g., by improved expressions for monomer free energy and struc-
ture) and extension of the theory (e.g., by considering new monomer fluids, bonding schemes
and association interactions) is possible by comparing the theoretical predictions with com-
puter simulation results on the same molecular model.?672° Due to its role in improving and
validating the theory, the importance of having an underlying molecular model in contrast to
engineering equations of state cannot be overemphasized. In comparing with experimental
data, it is important to be aware of the error inherent in the theory, as revealed by com-
parison with computer simulation results, before attempting to estimate the intermolecular
parameters. This invaluable advantage over empirical EOSs has resulted in many extensions
and variations of the original SAFT expressions, which essentially correspond to different
choices for the monomer fluid and different theoretical approaches to the calculation of the
monomer free energy and structure. The simplest SAFT approach describes associating
chains of hard-sphere segments with the dispersion interactions described at the mean-field

level.3%31 At a similar level of theory is the most extensively applied version of SAFT, that
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of Huang and Radosz (SAFT-HR),3? which has been used to correlate the phase behavior of
a wide range of fluid systems. Comparisons with SAFT-HR are often provided when a new
version of SAFT is developed to demonstrate the improved ability of a new equation; how-
ever, direct and meaningful comparisons between the more recent “second-generation” SAFT
equations (namely, soft-SAFT,333* SAFT-VR,? and PC-SAFT?%) are more rare. From the
limited number of studies that have performed such comparisons, it is clear that any one
version is not superior over the others in general terms.?”*? A recent review by McCabe
and Galindo*? provides a thorough discussion of the various forms of SAFT and the many
systems to which they have been applied. Of particular relevance to this work is SAFT-
VR,? which keeps a more formal link with the molecular model than other versions of SAFT
and as such can be more easily rigorously extended to study more complex molecular mod-
els. 47 SAFT-VR has been applied to the study the phase behavior of a wide range of fluids,
though of particular relevance to the current work are the studies of short alkanes through
to polymers, 26:27:39,48-50

Several molecular theory-based equations of state, including multiple versions of SAFT,
have been combined with DFT by using modified versions of Rosenfeld’s FMT. Among
those most relevant to this work, Yethiraj and Woodward®' and Forsman and Woodward ®?
developed a DF'T for square-well chains in hard wall slit pores. Their approach combined the
generalized Flory equation of state with a DFT based on a weighted density approximation
for the free energy functional. Jackson and coworkers®** developed a SAFT-based DFT by
combining SAFT-HS,3%3! which describes tangentially bonded chain molecules that interact
via a mean field dispersion term, with a local density approximation to model the vapor-
liquid interface of associating fluids. Only qualitative agreement with experimental surface
tension data was found, and in subsequent work, SAFT-HS was replaced by the SAFT-
VR equation resulting in more accurate predictions of the surface tension due to the more

4,60

accurate description of the bulk properties.®®®° Yu and Wu*% and Yu et al.%? combined
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the first-order thermodynamic perturbation theory of Wertheim 4! for hard-sphere chains
with a modified version of Rosenfeld’s FMT to predict the adsorption behavior of mixtures
of hard polymeric fluids. Bryk et al.%® later combined Roth’s version of FMT and SAFT
for tangentially bonded Lennard-Jones (LJ) chains to study the vapor-liquid interface of
associating LJ chains as well as their adsorption in slit pores. Ye et al.%%% used SAFT-
VR as the input to a DFT similar to that of Yethiraj and Woodward®! to describe chain
molecules and attractive wall potentials inside slit pores. Chapman and coworkers developed
interfacial SAFT (iSAFT) by combining a DFT based on Rosenfeld’s FMT for monomers
with bulk fluid properties obtained from SAFT to model bulk and interfacial adsorption
properties. %19

In this chapter, we extend the theory of Yu and Wu* to treat adsorption on flat surfaces
and in slit-shaped pores. We develop a DF'T using a modified version of Rosenfeld’s FMT and
a version of SAFT based on SAFT-VR to treat the adsorption of confined chain molecules.
For the chain fluids, we use a perturbation analysis for attractive terms out to second order,
rather than assume a mean field. We compare our results with predictions of Monte Carlo
simulations of hard-sphere chains near hard walls and chains with attractive potentials in the
presence of hard walls and attractive walls. We then compare results for attractive chains
in slit pores with a square-well attractive wall potential and a Lennard-Jones attractive wall
potential. Finally, we use the theory to predict density profiles in full pores with interactions

described by a 10-4 potential.

4.2 Theory

The treatment developed here constructs a DFT using a version of SAFT based on
the SAFT-VR approach for the bulk fluid thermodynamics.® The DFT is implemented for
inhomogeneous fluids near plane walls and flat pore walls through the introduction of FMT

for hard sphere and hard sphere chain interactions to permit the use of SAFT to describe
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the attractive potential. In doing so, SAFT is transformed from a method for treatment of
a homogeneous fluid in the bulk to a method for analysis of an inhomogeneous fluid near
a surface. First and second order perturbation terms for the attractive potential originate
in SAFT-VR, but it is necessary to recast them for the inhomogeneous fluid. Below we
outline the main expressions of the SAFT-FMT-DFT approach developed for confined and
bulk fluids and provide additional details in Appendix B.

Density functional theory is used to calculate the density profile that minimizes the
grand potential function Q[p,,(R)], where p,,(R) is the density profile of a chain molecule as
a function of segment position, i.e. R = (ry,ry,- -+ ,r,,), and m is the number of segments
in the chain. Minimization is performed by setting the functional derivative of the grand
potential with respect to density equal to zero to obtain p,,(R). The grand potential is

calculated from
Qpn(R)] = Flom(R)] + / p(R)[Viat(R) — ] dR (4.1)

where F[p,,(R)] is the Helmholtz free energy, p is the chemical potential for the chain
molecule calculated from the SAFT equation of state in the bulk (see appendix), and V,.:(R)
is the external potential.

The Helmholtz free energy is calculated from an ideal term and excess terms. In the
general formulation of SAFT, the excess terms describe hard sphere repulsion, attractive
interactions, and chain connectivity. Since we are incorporating both first and second order
perturbation terms, we write the Helmholtz free energy and the chemical potential from
SAFT as

F =Fq+ Fps + 1+ Fo + Fepain (4.2)

W= flig + fns + p1 + fo + Lehain (4.3)

where the terms correspond to the ideal, hard sphere, first-order attractive, second-order

attractive, and chain contributions, respectively.
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The ideal term is calculated by

Fiq= kT / p(r) [In(A’p(r)) — 1] dr (4.4)

where A is the de Broglie wave length. The segment density p(r) is used instead of p,,(R)
because we are solving for the segment density, not the molecular density. The chemical

potential contribution of the ideal term is calculated from
tig = kT In(p,A?) (4.5)

where p,, is the molecular number density, which is equal to mpy, where p, is the bulk
segment number density.
The hard sphere term is calculated in FMT using a series of four scalar and two vector

densities, which are defined by

ni(r) = / p()r(x — 1)’ (4.6)

where the subscript (i = 0, 1,2,3,V'1,V2) denotes the weighting function. The six weighting

functions are related to the geometry of a molecule and are

wa(r)

wo(r) = R (4.7)
_ wa(r)

wi(r) = " (4.8)
wo(r) =|VO(R—1)|=d6(R—7) (4.9)
ws(r) =O6(R—r) (4.10)

. w Q(I')
wy(r) = 4V7TR (4.11)
wy(r) = VO(R — 1) = ;5(3 —7) (4.12)

for a sphere of radius R where the vector terms ny; and ny5 vanish in the bulk.
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The contribution of the hard sphere repulsive term to the free energy is calculated in
FMT using!31522

Fhy = kT / " [y (r'))dr’ (4.13)

In the original “White Bear" version of FMT by Roth et al.,'® a Mansoori-Carnahan-Starling-
Leland (MCSL) fluid, which is described by an equation of state for hard sphere mixtures
that reduces to the Carnahan-Starling equation of state%® for single components, was used
to give

(I)hs[na(r)] = —Ny ln(l — ng) + niNg — Ny - Ny .
1—ns
(n3 — 3nonys - nyo)(ng + (1 — ng)? In(1 — ng))

36mn3(1 — ns)?

(4.14)

The more recent “White Bear Mark II” revision of FMT by Hansen-Goos and Roth?? corre-

sponds to a Carnahan-Starling-Boublik (CSB) fluid and is of the form

1+ %(ﬁQ(TZg) n

D[y (r)] = —noIn(1 — n3) + (n1ng — Ny - Nyg) T
—n3
1 - l¢3(n3)
3 3
-3 . —_— = 4.15
with
1
P2(nz) = n—[zng —n3 +2(1 —n3) In(1 — n3)] (4.16)
3
and
1
¢3(ng) = F[2713 —3n3 + 2n3 + 2(1 — n3)? In(1 — n3)] (4.17)
3
The chemical potential contribution for the hard sphere term is calculated from
8<I>h3 871 b
. =mkT b~ 4.18
i " ; 37%’,1; Opy ( )

where in the bulk ng, = py, n1p = R py, nap = 47 R%py, and ngy, = (4/3)7 R py.
For the attractive terms, a perturbation analysis® gives for the first-order term

1

Fi=g [ o) [ o) (e )sx (i’ = 27)) v’ (4.19)
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in which the attractive potential is the square-well given by

. —€ff if O'ffST‘<)\fO'ff
where oy = 2R is the hard sphere diameter, and the hard sphere radial distribution function,
g"*[n3(r); ], developed by Chang and Sandler%® with a Verlet-Weis™ correction, is a function

of density and distance. The chemical potential contribution for the first-order term is

dgks .
8776 a7713,1)

py = —4dme(\* — 1) (2n37bg£’5 +n3, (4.21)

where, following Gil-Villegas et al.® for SAFT-VR, the hard sphere radial distribution func-

tion at contact is calculated using the Carnahan-Starling® expression

1— 77@/2
(1 - ne>3

The effective density 7. is calculated for an extended value up to A = 3 using the relation of

9" = (4.22)

Patel et al.™
2
C1ngp + CaNjy,

= (b T Calay 4.2
g (1+ c3ngp)? (4.23)

with
cy —-3.165 13.35 —14.81 5.703 11//)/\\2
Ca = 43.00 —191.7 2739 —128.9 1/>\3 (4.24)
C3 65.04 —266.5 361.0 162.7 1/)\4

The second-order attractive term adopted here is an improvement on the treatment of
Barker and Henderson, ™ which was used in SAFT-VR. Developed by Zhang® and based
on a macroscopic compressibility approximation that takes the correlation of molecules in

neighboring shells into account, it is given by

1
4kT

Fy =

p(r') / p(r") (1 + 26n3)[d(]r" — x"[) K" (x")g" [ns (x"); x"]dx"dx’  (4.25)

where € = 1/n?2,,, with 1., = 0.493, which is the packing fraction where the fluid condenses.?

The hard sphere isothermal compressibility for a CSB fluid is calculated from

hs _ (1 _ n3>4
1+ 4ng + 4n2 — 4n3 + nj

(4.26)
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The chemical potential contribution for the second-order attractive term is given by

—2me?(\3 — 1
Ho = k(T ) {45”§,th5925 + (1+2¢n3,) x (4.27)
8Khs aghs 87] 4.27
) Khs hs 2 hs Khs e €
n3,b ge + n37b (anB’b ge + ane 8n3’b

For the hard sphere chain term, Yu and Wu* recast Wertheim'’s first order perturbation
theory for chain connectivity in a bulk fluid to a form needed for an inhomogeneous fluid
using the weighted densities of FMT. The chain contribution to the Helmholtz energy is
described by

Fehain = kT / O [, (v')]dr’ (4.28)
- 1—-m
Ot g (r)] = no ¢ Iny™ (o rp,m4) (4.29)
(=122 e (4.30)
ng
1 207 n307% ¢

(4.31)

hs -
YOI e) = T T S T T2 = g
where 3¢ is the contact value of the cavity correlation function between segments. Note
that, following Yu and Wu,* ® 4, differs from the SAFT-VR term, which would contain

the square well y** rather than the hard sphere y"*. The chemical potential contribution for

the chain term is given by

8q)chain anl
Mechain = kT(l - m) Z alfn apb

(4.32)

The equation used for the external potential depends on the situation being described.

The interaction between a hard-sphere chain and a hard wall is described by

0, 2>0

V) ={ & 220 (1.3
The interaction with a square-well attractive wall is given by
0, zZ> Ay Osf
Vet (2) = ¢ —€w, 0< 2 < Ayosyp (4.34)
0, z2<0

60



where o,y is the solid-fluid collision diameter. The interaction with a Lennard-Jones attrac-

tive wall is represented as

Vi) = e | (22)" = (Z2)'] (4.3

z z

To compare the square-well and Lennard-Jones attractive walls, the e values were determined
by equating the second virial coefficient™ of the square-well wall, Bgy, to the second virial
coefficient of the Lennard-Jones wall, By, s, holding o,; constant.

Integrating the 6-12 Lennard-Jones potential over the walls, rather than applying it to

a slice of a pore, gives the 10-4 wall potential on each side of the pore described by?2"7"

Veat(2) = ¢u(2) + du(H — 2) (4.36)

with

bu(2) = 2mewpuo?; E <Usf>

10 oo\t
—|— 4.37
S 37
where p,, is the density of the wall molecules.
Taking the functional derivative of eq 5.1 and rearranging the result gives the following

equation for calculation of the segment equilibrium density profile*

p(z) = — exp(u Z exp [ } Gi(2)G™(2) (4.38)

where p is the chemical potential. The solution method involves iterating on the segment

density. In eq 5.6, we have

5Fhs 5F1 5F2 5Fchain

V= 5w T apm T e T spln) e (4.59)
and
Gl — /exp [_Q/;C(;)] @(Uff;%’j —Zz ’)Gi—ldzl (4.40)

where G'(2) = 1. Due to the summation term in eq 5.6, the number of segments m in the

implementation of SAFT is limited to integer values.
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The equilibrium value of the density, calculated from eq 5.6, can be used to calculate

the average density in a pore from

11 /7
Pavg(H, P) = — g i p(z) dz (4.41)

where H is the pore width. The surface excess is then given by

Fea; - (pavg - pbulk) H (442)

4.3 Results and Discussion

First, we compare predictions of density profiles for adsorption of chain molecules on flat
surfaces with several published results of Monte Carlo simulations; in doing so, we also
assess the magnitudes of the contributions of the terms in eqs 5.2 and 4.3 on the density
profiles. Second, we extend a published study using its parameters to consider adsorption in
narrow pores with the fluid-wall potential given by the square-well potential, and we compare
results with those for a Lennard-Jones wall potential. Finally, we consider adsorption in a

slit-shaped pore with the fluid-wall potential given by the 10-4 potential.

Adsorption on Flat Surfaces and Comparisons with Monte Carlo Simulations

Predictions from our theoretical approach using the FMT formulations of both Roth et al.'?

and Hansen-Goos and Roth!®?? are compared here with a variety of different Monte Carlo
simulations from the literature. First considered are hard spheres against hard-walls. Then,
a set of hard-sphere chains against hard-walls are treated to establish the validity of the chain
function. Next, attractive potentials are incorporated to compare results with simulations
for hard and attractive walls. In our figures for these comparisons, we follow the common
convention of measuring the pore wall coordinate from the inside edge of the pore.

For hard spheres against hard walls, we set m =1, €5y = 0, and V,,;; = oo. Figure 4.1

shows density profiles compared with data of Snook and Henderson ™ for hard spheres against
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hard walls at four bulk densities from pafc 5 = 0.57 to 0.91. The results agree with the well-
known requirement for momentum transfer that the density of any fluid in contact with a
hard wall is p(0) = P/kT. All of the figures show good quantitative agreement between our
approach and the Monte Carlo simulations. Only slight differences are seen at the highest
densities in Figures 4.1c and 4.1d.

Figure 4.1 also shows our calculations comparing the use of the White Bear FMT!? and
the White Bear Mark II FMT. %22 The density profiles from Figure 4.1c for both formulations
are shown in an expanded form in Figure 4.2. The White Bear Mark II FMT agrees more
closely with the Monte Carlo simulations of Snook and Henderson™ for hard spheres against
hard walls. The insert in Figure 4.2 shows a further blown up portion of where the two
theories differ the most. These differences are apparent in modeling chain molecules as well,
with White Bear Mark II producing the closest fitting curves. For this reason and because,
as mentioned earlier, the derivation of the White Bear Mark II FMT is consistent with
scaled-particle theory in the bulk,?? all of the following calculations reported in this chapter
use the White Bear Mark IT FMT.

For hard-sphere chains and hard walls, several comparisons were performed involving
the adsorption of m-mers. This was done by setting m equal to the number of spherical
monomer units in the chain. Figure 4.3 compares segment density profiles determined using
our approach with a series of Monte Carlo simulations by Kierlik and Rosinberg™ for 3-mer
chains. The predictions show excellent agreement in both values and structure over the full
range of bulk packing fractions, from 7, = 0.1 to 0.45. At the lower densities in Figures 4.3a
and 4.3b, the density at contact is lower than the average density and increases to form the
first layer; however, a layer near z/os; = 1 is still apparent. For the intermediate densities
shown in Figures 4.3c and 4.3d, the density at conta