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Abstract

A systematic investigation has been conducted to demonstrate the gen-
eral applicability of reverse osmosis (RO) fractionation of organic liquid
mixtures by laboratory prepared cellulose acetate butyrate (CAB) and aro-
matic polyamide (PA) membranes. Surface excess values have been deter-
mined by liquid chromatography (LC) technique for the four model organic
. liquid mixtures for CAB and PA materials.

The principal findings of this study are: (i) separations take place in
all the four model organic liquid mixtures, and PA membranes give sepa-
rations higher than CAB membranes under same experimental conditions;
(ii) preferential sorption exists in all the four model systems for CAB and
PA materials; (iii} the RO results are explained by the combined consider-
ation of surface excess data determined from LC, and Stokes’ Law radius

calculated from literature data.
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= diffusivity of component A in solvent B, m?/s

= quantity defined by eq.37

= Boltzmann constant

= equilibrium distribution coefficient of a solute defined by eq.3

= solvent molecular weight

= Stokes’ Law radius, m

= Stokes’ Law radius of component A in solvent B, m

= Stokes’ Law radius of component B in solvnet A, m

= gas constant, Joule/((K)(mol))

= absolute temperature, I

= retention time of species a, minute

= thickness of interfacial solvent layer, m

= carrier solvent flow rate, cm?®/min
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respectively, m3/mol

Vi = molar volume of solute at normal boiling point, m®/mol

Vi = dead volume in a column, cm?

Vn = volume of the mobile phase, em?®

Vr = retention volume, cm?®

Ve = volume of the stationary phase, cm?®

wt.% = weight percentage

X4, Xp = mole fraction of the component A and the component B, respectively
X = association parameter defined by the Wilke-Chang equation

Greek Letters

r = surface excess, mol/m?

IF'4,Tp =T for the component A and for the component B, respectively, mol /m?
¥ = interfacial tension, N/m

@ = soluton viscosity, N.s/m?,(centipoise)

p = density, kg/m?
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Subscripts

A = solute or the component A in the binary mixture
B = solvent or the component B in the binary mixture
b = bulk phase

i = interfacial phase

min = minimum value

Superscripts

A = the component A used as chromatographic solvent
B = the component B used as chromatographic solvent

nixt = the binary mixture of A and B used as chromatographic solvent



Chapter 1

1 Introduction

1.1 Separations and Chemical Engineering

Separation processes are at the technological heart of the chemical, polymer
and energy industry. Literally thousands of products are concentrated, frac-
tionated and/or purified to required purities and recoveries at reasonable
prices. It is not an overstatement to maintain that our modern chemical and
energy industries could not exist were it not for a highly developed portfolio
of separation processes to handle the myriad of separation tasks required
for producing these products. These products in turn are absolutely vital
to our economic well-being [1].

In fact, there are virtually no major industries, not only the estab-
lished ones but also the newest of the new, which are not impacted in some
significant way by separation processes.

In this work, membrane separation process, in particular , reverse os-

mosis treatment of organic liquid mixtures is studied.

1.2 Membranes in Chemical Engineering

Membranes and membrane technologies have been categorized as one

of the frontiers in chemical engineering in an investigation conducted by



National Research Council’'s Committee on Chemical Engineering Frontiers
[2].

Membranes are thin two-dimensional structures designed to pass pref-
erentially certain components [2]. Highly efficient separations of gaseous or
liquid components can be achieved with such technologies as reverse osmo-
sis,ultrafiltration,microfiltration, gas separations,dialysis,and electrodialy-
sis. In these systems, membrane permeates are driven either by pressure,
or by a gradient in chemical or electrochemical potential. Membranes are
also finding increasing use in controlled drug release devices and biosensors.
Traditional applications of membrane technologies have barely scratched
the surface of an exciting and rapidly developing area.

On the material side,chemical engineers can make important contribu-
tions to the development of new materials—-which is one of the components
of this thesis, the engineering of structure or morphology into membranes,
and the identification of new ways of using permselective membranes.

On the application side, integrated membrane processes represent an
attractive area to be developed, in which a membrane separation is com-
bined with a conventional separation method to accomplish a job neither
process by itself could do. Examples, like the distillation of azeotropic
mixtures, the use of hollow fiber membranes in bioreactors, and the combi-
nation of a permselective membrane with a catalytic membrane, have been
reported in the literature [2].

In brief, despite being young compared with other unit operations,
membranes and membrane technologies have been enjoying an increased

popularity in various aspects of chemical engineering and have much more

(3]



space to grow. Fig. 1 is a good indication of the above point of view.

1.3 Separation of Organic Liquids by Membrane-RO

process

1.3.1 State-of-the-art

The separation of organic liquid mixtures by the reverse osmosis mem-
brane process is of practical interest from the point of view of finding a
separation process alternative or compatible to the conventional distilla-
tion process,ancl/or other separation methods presently used.

Even though the applicability of reverse osmosis for the separation of
organic liquid mixtures was demonstrated in principle as early as 1964 [3],
and it is particularly useful for upgrading organic liquid mixtures encoun-
tered in the petroleum industry [4], the process has not yet gained entry
into the general petroleum and petrochemical industry to any significant
extent, and many of the fundamental studies needed to make such entry
the most effective and profitable have not yet been made, mainly because
of the instability of the porous structure of the available membranes in the

nonaqueous solution environments encountered in practice.

1.3.2 Necessity

Despite the apparent proliferation of membrane’ processes, the science
and technology of industrial membranes is still in its early stages of devel-
opment. So is that of RO applications in nonaqueous systems.

As for industry practice, membrane science and technology is also

ranked as relatively new as it can be seen from Figure 1 showing that



RESULTS oF POLL ON TECHNOLOGICAL AND USE MATURITIES OF SEPARATION PROCESSES

Technalogical Use
Process Maturity* Maturity*

Distillation 87 87
Extractive/Azcotropic Distillation 80 65
Solvent Extraction 73 61
Gas Abserplion s 76
Supercritical Gas Absorption/Extraction 28 25
Adsorption: Gas Feed 57 52
Adsorption: Liquid Feed 50 40
Ion Exchange 6o 60
Membranes: Gas Feed 39 27
Membranes; Liquid Feed 37 30
Liquid Membranes 13 13
Chromatography: Liquid Feed 30 22
Affinity Separations 15 9
Crystallization 64 62
Electrical and Other Field-Induced Separations 24 13

*Scores respresent the averages of the percentages of the distances to the technological or use asymptote, i.e.. a
score of 100 would denote that a given process has reached an asymptote,

Use
Asymptote | Distillation
°
—- Gas Absorption
. ®

— Ext. / Azeo.
E Crystallizalian o DSt

L . ® .
g lon Exchange @ Solven! Ext.
E . ® Adsoiption: Gas Feed
=
lé-') — © Adsorpion: Liquid Feed
=~ | supercritical Membranes: Gas Feed

Gas Abs. / Ext. o @ Membranes:Lliqud Feed
L Liquid ® Chromatography:
Membranes Liquid Feed
- © 9 relg- Induced Separations
First Alfinity Separalions
Application I NN IR U S S BUN B

invention Technology

TECHNOLOGICAL MATURITY Asymptote

Figure 1: Technological and use maturities of separation processes.



membrane process has about 30% maturity compared with distillation’s
87% maturity. As one of the many membrane processes today, RO also has
more space to be explored and the separation of organic liquid mixtures by
reverse osmiosis is one of the multitudes of potential applications,

Therefore, it can be obviously concluded that there is a genuine need
in the development of reverse osmosis for the nonaqueous treatment, in
particular, the separation of organic liquid mixtures.

1.3.3 Purpose of This Work

This work is a systematic approach which serves three major purposes:

L. Further feasibility studies of the technique for the RO treatment of
organic liquid mixtures,

2. Further investigation of membrane performances in the environments
of organic liquid mixtures.

3. Interpretation of membrane performances with the physicochemical
data generated from this work.

1.3.4 How This Study is Conducted

To conduct this study, the author investigates, firstly, how membranes
perform in the organic liquid mixtures, and secondly, why these membranes

perform so.

1.3.5 The Significance and Potentiality of This Work

This work can make a significant scientific contribution and lead to
significant technological developments for new processes and products in

the area mentioned above. They are of major economic significance to



petroleum, petrochemical and energy related biomass conversion industries.

The potentiality of this work is well expressed in the potentiality of RO
treatment of organic liquid mixtures. Tremendous opportunities exist for
the penetration of RO technique into every aspect of nonaqueous applica-
tions. Dramatic increase worldwidely of level of research and development
activity in this field indicates both the growing recognition of the commer-
cial potentialities of membrene separations, and the growing realization of
the international scientific and engineering community that membranes are
capable of playing tremendously beneficial roles in society and industry far

more than what has hitherto been appreciated.
1.4 Application of Liquid Chromatography Method
in Membrane Studies[5-6]

The interaction forces working at the polymer-solution interfacial re-
gion can be simulated by a liquid chromatography system in which the
column is packed by the polymer from which the membranes are made,
and the solute is injected into the solvent stream.

Since the interaction forces prevailing at the membrane-solution inter-
face during reverse osmosis may be considered to be analogous to those
working in the system solute-solvent-column polymer material in liquid
chromatography, and the magnitude of the above interactions are explic-
itly exhibited in the retention volume data of the corresponding chromatog-
raphy experiments,liquid chromatography offers a powerful tool to better
understand the physicochemical nature of RO separations and to provide

with scientific foundation for membrane performance prediction and sub-



sequently for membrane design.

Details of LC applications in this study will be presented in the later

chapters.



Chapter 2

2 Literature Survey

2.1 An Overview

It has been recognized that the instability of the porous structure of the
membranes accounts for reverse osmosis (RO) not gaining entry into the
general organic chemical industry. Despite the increasing awareness of RQ’s
nonaqueous applications, current literature on this subject is neither exten-
sive nor intensive, compared with aqueous applications.

Many of that little available information appears in patents because of
the technological reason of RO technique. There has been clear evidence,
especially in recent years, that the concept [7) is gaining popularity that RO
is not limited to the treatment of aqueous solutions, and that it is equally
applicable for the treatment of nonaqueous solutions in liquid phase. Table
1 is a summary of a recent patent survey. It can be seen from Table 1 that
the number of patents on this subject increases dramatically from 1960’s

to recent years, which is a good indication of increasing research work in
this field.

2.2 Previous Work

The interesting innovation of RO for the separation of organic lig-
uids was first conducted and illustrated in principle by Sourirajan in 1964

(3]. Sourirajan had separated xylene-ethanol, xylene-heptane mixtures and
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Table 1: Institutions and their patents for RO in nonagueons fields

Institution Sourco Yaar

Shoil Intornational Hesoarch Moatschappij GB Appl.85/21,607 1985

B.V. Eur.Pat. Appl.EP254,359 1988

Canadian Pataents end Developmont Ltd. Can.CA Appl.489,596 1985

Signal Ros. Cont.Inc., U.S.A. AIChE Symp. Ser. 19‘86

Imporihl 0il Ltd. Can.CA 1,215,728 1986

UOP Inc. U.s.Us 4,617,126 1986

U.s.US 4,595,507 1986

Mensanto Co, UK Pat. Appl. GB 2169301 1986

Tokyo Inst. Technol. Yokohamo, Jopan J.Chom.Eng. Japan 1986

Daicael Chomical Indus‘tries. Ltd, Japan Jpn. Kokai Tokkyo Koho 1986
JP 61 36,399

Sagami, Chemical Res. Contern, Jopon Eur. Pat. Appl.-EP 190,647 1986

Sasakura Engineering Co., Ltd., Japan Jpn. Kokai Tokkyo Koho 1988
Jp 63 69,507

Standard 0il Company, U.S.A. U.S.US 13,140,256 1964

Exxon Rasearch & Enginoering Co. Eur. Pat. Appl. 160,140 1985

Bur., Pat. Appl. 160,142 1985

u.s. Us k,s541,972 1985

U.S. US L, k96,456 1985

U.S. US 4,510,047 1985

U.S. US 4,477,333 1984

U.S. US 4,368,112 1983

U.S. US 4,715,960 . 1987



their azeotropic mixtures by using a static cell with cellulose acetate and
polyethylene films.

Kopecek and Sourirajan had reported more data on the separation of
binaty azeotropic mixtures, and isomers in 1969-70 [8,9].

In 1983 , Adam, Luke and Meares (10] published the results of their
studies on this topic, focusing on exploring the factors governing the selec-
tivity coefficient.

Farnand, Talbot, Matsuura and Sourirajan have extended their work
and further illustrated the applicability of the RO technique for the sepa-
ration of organic liquid mixtures in their reports during 1980-84 [11-13].

In 1986, Kulkarni, Funk and Li [14] reported hydrocarbon separations
with polymeric membranes.The hydrocarbons separated are chemically sim-
ilar but differ significantly in molecular weight.

2,.2.1 Membrane R & D for Nonaqueous Applications

Since ordinary reverse osmosis membranes cannot resist the attack by
organic compounds, it has been the focus of membrane and membrane
material research and development to overcome this deficiency.

As one approach, plasticization of membranes by solutes is being stud-
ied extensively, i. e. in the Separation Research Program at the University
of Texas, Austin, which is devoted to the understanding of the solute-
membrane-solvent interaction relevant to plasticization [15].

Other approaches have also been made. Membranes made from var-
ious materials, such as, novel cellulose, modified polysolfone, aromatic

polyamide, polyimide,polycarbonate, cellulose acetate, cellulose acetate bu-

10



tyrate,copolymer, and inorganic glass membranes have been reported by
different research groups [16-20] with various applications. It has also been
found that there are more and more reports/patents concentrated on two ar-
eas basically—-hydrocarhon separation industry and oil refining processes.

2.2.2 Material Systems Studied

In general, the treated material systems include separations and purifi-
cation of aliphatic hydrocarbons,aromatic hydrocarbons, aliphatic-aromatic
hydrocarbons, alcohols, isomers, azeotropes, emulsions and so on.

In detail, some of these material systems are separation of butadiene
and pentadicne, separation of methyl benzene and 1-hexadecene, separation
of m-xylene from o-xylene, to separate polar organic solvent from dewaxed

oil, solvent recovery in lubricating oil dewaxing etc.

2.3 Models for Transport through Membranes
2.3.1 Various Models Suggested

Several approaches have been made towards understanding the ba-
sic transport mechanisms, namely, Irreversible Thermodynamics Model,
Finely-Porous Model, Solution-Diffusion Model, Surface Force-Pore Flow
Model, etc. Most of these approaches, however, fall into two categories,
porous and non-porous. In the first case, the membrane is considered as
a bundle of capillaries where the flow is determined by the application of
Poiseuille’s equation. The other case involves dissolution of the compo-
nents in the membrane followed by diffusion through the membrane [27).

These principal approaches and the extent of their usefulness are discussed

11
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as follows.

Irreversible Thermodynamics Model
The first practical model was developed by Kedem and Katchalsky [28] .
This model was for transfer of non-electrolytes through membranes and
was extended to electrolytes. It is an elegant model and works well when
the structure of the membrane is not known and the molecular mechanisms
of transport processes within the membrane are not fully understood [29].
The parameters, however, are not related to any physical characteristics,
since this approach treats the membrane as a “black box ”.

Solution-Diffusion Model
This model was developed by Lonsdale et al [30]. In this model, transport
processes are regarded as being governed by two factors, thermodynamic
property— solubility and dynamic property—diffusivity, which control
permeability. The solute and the solvent dissolve in the membrane by
diffusion through the homogeneous nonporous surface layer. The solubil-
ity and diffusivity of solvent and solute are two important parameters in
this model. The problem with this model is that it does not consider the
structure of the membrane. It also breaks down for high concentrations of
solutes. Yet it is the most used model in module design due to the simplicity
of the calculations necessary. And it gives a reasonable estimation.

Finely-Porous Model
This model assumes a porous membrane structure. Jonsson and Boesen
[31] combine diffusion with viscous flow through the pores. It is more com-
plicated than the Solution Diffision Model since it uses three parameters,

An average pore size can be calculated from this model.
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2.3.2 Surface Force-Pore Flow Model

The reason that this model is discussed separately from others is that
the majority of the analysis and interpretation of many experimental results
in this work is based on this model,

The Surface Force Pore Flow Model was first presented by Matsuura
and Sourirajan [32]. Briefly, the model can be described as follows. The
membrane is assumed to be microporous and the pores are modelled as per-
fect cylinders, with or without a pore size distribution. A two-dimensional
approach is used (see Figure 2) so that the solute velocity and concentra-
tion in the pore vary in both radial, r, and axial, z, directions. A balance
of applied and frictional forces acting on the solute in the pore is given as
a function of the radial and axial positions. The solute-membrane inter-
actions are expressed by a Sutherland-type potential function. A friction
parameter, b(r), which is the ratio of solute diffusivity in free solution to
solute diffusivity inside a pore, is used to describe the hydrodynamic drag
on the solute by the pore wall. Initially it was suggested that the friction
parameter was a function of radial position [32]. However, b was treated

as a constant in the later papers [33,34).

This model considers both the nature of the solution as well as that of
the surface in contact. From this model, reverse osmosis is regarded as the
combined result of preferential sorption of one of the constituents of the
feed solution at the membrane-solution interface, and mass transport by
fluid permeation under pressure through the capillaries of the microporous

membrane. An appropriate physicochemical nature of the membrane sur-
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face and the physical structure in terms of the appropriate number and size
of pores are needed for a practical separation process. It is more elaborate
and complicated, since this model explains the mechanism more fully than
the above ones, and subsequently, it requires more parameters to describe
the mechanism [29)].

It has to be noted that Mehdizadeh and Dickson [35] recently suggested
a modified Surface Force Pore Flow Model whose major difference from
Surface Force Pore Flow Model is the different approach to the calculation
of velocity profile. There is no further comment on this modification since

this series of papers has not been fully published yet.
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Chapter 3
3 Application of Liquid Chromatography Method

in Membrane Separation Studies on Bi-

nary Organic Liquid Mixtures

This chapter explains why LC method is used and how it is applied to this
stucy. The conventional LC theory applicable to the dilute solution system
is briefly outlined first. Then, it is expanded to a system involving binary

mixtures of organic liquids.

3.1 Analog of LC System to Membrane Separation

Process

3.1.1 Liquid Chromatography: An Introduction

Chromatography is a term applied to all techniques which enable the sep-
aration of chemical mixtures by exploiting the phenomenon of differential
migration as a solution passes through a column. A carrier fluid containing
a mixture is passed over a bed of porous material. Each component of the
mixture has its own distinct physical and chemical properties resulting in
different rates of migration for each individual element. This idea of dif-
ferent rates of movement for components of a solution through a packing
is applicable regardiess of the phase of the solution or the nature of the

packed bed. Chromatography can be subdivided into gas-solid chromatog-
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raphy, gas-liquid chromatography and liquid-solid chromatography.

The liquid chromatography system consists of a carrier liquid (sol-
vent),various components (solutes) dissolved in the liquid as well as porous
support. There is a distribution of components in the fluid between a mo-
bile and a stationary phase due to the presence of the packing material.
This distribution results from the difference in adsorption potential of the
solute and solvent as well as the difference in interaction energies between

thie mobile and stationary phases.

3.1.2 Analog of Liquid Chromatography System to a Membrane

Separation Process

There is a direct relationship (see Figure 3) between the physicochem-
ical processes occurring in a liquid chromatography system and those at
the membrane-solution interface. Both systems are concerned with the
behavior of a surface-influenced liquid layer.

This layer is known as the stationary phase in LC terms, while for
membrane systems the term interfacial layer is used. The mobile phase in
a LC system is analogous to the bulk solution of a membrane system. The
introduction of a solute in either system results in & concentration difference
between the mobile (bulk) phase and stationary (interfacial) phase. This
differential concentration results in a retention time difference in the case
of a liquid chromatograhpy system, and produces positive and negative

concentration gradients at the membrane-solution interface.
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Due to the similarities between the two systems, the solute concentra-
tion on the surface of a membrane can be obtained by relating the interfacial
behavior to quantitative values obtained in a LC system. The nature and
strength of the interactions between the solute and the membrane are re-
flected in the retention time (t,) of the solute (a) in a liquid chromatography
column. A relative scale can be set up to compare the interactions. The
result can be interpreted as follows: Suppose the retention time for solute
¢ (tc) is greater than the retention time for solute d (tz), this means the
polymer has a greater affinity for ¢ than d. Therefore, if the polymer is to
be made into a membrane, we can say that the separation process based on

the rejection of d and the permeation of ¢ is thermodynamically favorable.

3.2 Expansion of LC Theory for the Dilute Solution
System to the One Applicable to Binary Mixtures
of Organic Liquids

3.2.1 Conventional LC Theory Applicable to the Dilute Solution
System

The core concepts in the classic LC theory are retention time and reten-
tion volume. The retention time describes the passage of a solute through
any chromatographic column under the influence of the packing [37]. Since
the retention time varies inversely as the carrier flow rate (V), an expression
for this value, independent of system dimensions,is to characterize retention

behavior in terms of the volume flow between injection of the solute into
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the column and the emergence of a maximum concentration of the solute
at the end of the system [38]. This value is known as the retention volume
Vit can be obtained by multiplying the retention time by the volumetric
flow rate (V).

Vp =tV (1)

The retention volume Vg of solute (A) from any chromatography sys-
tem contains the contribution of the mobile phase (Vim),the stationary phase
(Vs) as well as a quantity known as the system dead volume (Va).The ex-

perimental retention volume is the sum of the various contributions:
Vo=V + Va+ K, (2)

The system dead volume can be defined as the volume in a chromato-
graphic system which does not contribute to the retention time of the solute
due to surface interactions. The system dead volume is caused by connect-
ing tubings fittings, refractometer cells, etc.

Further,

K ,equilibrium distribution coefficient for the solute,is defined as

_ concentration of solute A in the inter facial solvent phase
"~ concentration o f solute A in the bulk solvent phase

I{:l (3)

It should be noted here that, in the analog of LC system to a membrane
separation process, the concentration of solute A in the stationary phase
is simulated and regarded as the same as that in the interfacial solvent

phase. So is the relation between the concentration of solute A in the

mobile solvent phase and the in the bulk solvent phase.



3.2.2 Theory Development

Determination of Surface Excess for the Dilute So-
lutions

In order to determine the values of V, and K,,the following assumptions
are made;

(i) K, = 1 for pure solvent (B), which means that the probability of

any solvent molecule to exist in the mobile phase is the same as that in the

stationary phase. When Ii':l =1, let

Ve=[Vals = Ve + Va+ V, 4)

(ii) Ky = 0 for a reference solute with the lowest retention volume,
This means that such a reference solute is so strongly repelled from the
surface of the polymer material at the interface that the reference solute
stays only in the mobile phase of the column. Hence the concentration of
the reference solute in the interfacial solvent layer can be assumed zero,

i.e., the distribution coefficient of solute A is zero, when K,=0,let

Va = [Valnin = Vi + Vi ()
From eq. 4, 5,
Ve = [Vals — [Valnin (6)
Combining eq. 4, 5, and G,

- V};_[Vé]ml'ﬂ
4= Wila =~ Vil @

If Ap is the total effective surface area of the polymer in the chro-

matographic column, then the thickness ¢; of the interfacial solvent layer
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is:
ti =Vi/4, (8)

Let the average concentration of solute at the interface as Ca,i, and the

concentration of solute in the bulk solution phase as c,i4, eq. 3 becomes

Ky =%qifcas (9)

The surface excess with the thickness of the interfacial layer, ¢; , is the

concentration difference between the bulk (¢,15) and the interface (€a,0)[7].

Tfti=7¢4;— CAp (10)
Combining eq. 9, 10:
L/t = capky — cap (11)
or
I _ (K — 1) (12)
CAb

Substituting eq. 7, 8, 6 into eq. 12, and noticing {Vp] = [Vl sotutes

I Val ~Valoin v Vals = (Valmin
P 74 R 174 S P
- [V']aahu!e.ci - [V‘]
— R AP RIB (13)

C,u, Ap
Subscripts A and B refer to solute and solvent, respectively. Up to

here, the theory of obtaining surface excess using retention volume data

from liquid chromatography experiment has been established for the dilute
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solution. In the next section, the surface excess is determined for the binary
mixtures in the entire composition range.

Determination of Surface Excess in Binary Mixture of Organic
Solvents—-Theory Development

The theory [40,14] outlined below swas developed on the assumption
that the surface area of the polymer utilized for sorption of both components
is independent of the solution composition.

The surface excess of the component A, regarded as solute in solvent

B, equation 14 can be rewritten as

Taleap = (Vala = [Vala pure)/ 4P (15)

where [V,;]ﬁ is the retention volume of the component A and [V};]fgmm_e
is the retention volume of solvent B. The superscript B indicates that the
component B is used for the solvent in this chromatographic experiment,.
For obtaining the above surface excess the following liquid chromatographic
experiment has to be conducted.

The chromatography column is packed with the powder of the poly-
meric material which shall be used for the membrane separation. Pure
solvent B is pumped through the column and the solution of A in B is
injected at the column inlet as a sample and the retention volume [V;;]ﬁ is
measured. Then, a solution of deuterated isotope of the component B in
solvent B is injected and the retention time is recorded as {Vﬁ]g‘pu,e. The
surface area of the polymer packed in the column,4p, can be measured in-
dependently by gas chromatography method [41,42,43]. In analogy to eq.15

we obtain the specific surface excess of the component B in the solvent A
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Ta/esy = ([Vylg - [Vl'i]::,pure)/AP (16)

where [V,'I]g is the retention volume recorded when a solution of B in

solvent A is injected at the column inlet and [V,;]::’pu,c, is the retention

volume recorded when a solution of the deuterated isotope of component

A in the solvent A is further injected. The superscript A indicates that the

solvent stream through the column is switched from pure solvent B to the
pure solvent A in the above chromatographic experiment.

In the next liquid chromatography experiment the solvent stream is
switched to the mixture of component A and component B, with concen-
trations of ¢y and cgy respectively. The subscript b indicates the con-
centration of the bulk solution, which is the same as that of the solution
flowing through the column.The component A and the component B are
injected at the column inlet and the retention volumes [V};]Tﬂ and [V,;]E"’"
are measured and recorded. In analogy to eqs.15 and 16 we can obtain the

surface excess of the component A and the component B by

Tafean = (Vali™ — [Valmen/Ap (17)

Ta/esp=(Vals ™ = [Valmist)/Ap (18)

Again, the superscript mixt indicates that a binary mixture of the
component A and the component B is supplied into the column as a chro-
matography solvent. The retention volume [V};]Z::: is an imaginary quantity
indicating the retention volume of the binary mixture of the component A

and the component B, which is regarded as one single phase.
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Among quantities involved in eqs. 17 and 18 the following relations
hold:

casVa+esVp=1 (19)

TAVa+TsVe=0 (20)

In eq.19 c,.l,bVA and eg,V g indicate the volume fraction of the compo-
nent A and that of the component B, respectively, in the mixture thereof,
and therefore,the sum is equal to unity. Equation 20 means that the volume
fraction gained by the excessive amount of the component A at the interface

is equal to the volume fraction lost with respect to the other component.

From eqs.17 and 18,

TaVa = ([Vale™ — [ValmieasValAp (21)
TeVe=([Vals " — [Valme)essVs/Ap (22)

Adding eqs. 21 and 22 and using eq.20 we obtain:
(Valk™ - [ValmesdeasVa/ Ar
= ~(Valz™ ~ ValnizesVs/Ar (23)
Rearranging:
[Vilmine(casVa + casVp) =
Vi3 sV + Valp “css¥ (24)
Using eq. 19:
Vilmist = VAl ““easVa + Val5 “casVs (25)
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It has to be noted that eq. 19 applies in the bulk phase while eq. 20
applies in the interfacial phase. Strictly speaking, the molar volumes of the
component A and the component B are different numerically in the bulk
and in the interfacial phase. But average molar volumes are used in this
derivation and they are assumed to be constant either in the bulk or in the
interfacial solution.

Equation 25 being inserted into eq. 17:

afeas = (Valy™ = [Valy ™ eanV s

~{VAl5 eV )/ Ap (26)
Using eq. 19;
Tafeas=([Vala "cssVs — [Valp sV )/ Ap (27)
and _ .
Dyfens = 28V BVl ™ = Valg™) (28)

capVa+essVp

Dividing both the numerator and the denominator of eq. 28 by the

total molar concentration of the bulk solution:

XosVa(Valy = Valp )
Tafeqp=—r—— R4 _ L RB //y 29
alcap XasVa + XpsVs [Ap (29)

Likewise,

XaaValVilp™ ~ IVel3 ™)
XapVa+XppVp

PB/CBJ, = /Ap (30)

It is noted that when pure B is used as a chromatography solvent
Xap=0,Xp,=1,[Va}™ = [Va]Z and [Valas = [V‘.'{]g’pm, and therefore

eq. 20 is reduced to eq. 15,



Actual chromatography experiments are conducted as follows. A mix-
ture of solvent A and B of known composition is pumped into the column

as a chromatography solvent.Then,pure A and pure B are injected into

mizt

A
and [Vﬁ]’gm are recorded corresponding to the given solution composition.

the solvent stream as chromatography samples and retention times [Va

Surface excess values are calculated from the experimental retention vol-
ume data.Thus the surface excess can be obtained in the entire composition

range of the binary mixtures.
For the convenience of calculation, eq. 29 is converted as follows.

Noting cgs = cXpy, inserting into eq. 19:
capVa+cXppVp=1 (31)

Dividing through by ¢4,

— — 1
Va+ —C-XB.bVB = — (32)
Cap CAb
Noting ¢fcay = 1/ X g0
— 1 — 1
Vat ';{——Xs,bVB = — (33)
AAp CAb
or
XapVa+XpsVp 1
¥ [} —_ 34
KXap Cap (34)
Inserting eq. 34 into eq. 29 and multiply V4 on both sides:
- = 1ami 1amizt
= XasXpaVaVa(Valy ™ = Valp™)
TaApV = 2= 2 — 35
ACPT4 (XapVa+ XppVg)? (35)
From eq. 20:
I\BAPVB = —PAAPVA (36)

Eq. 35 is the final equation that is used in the calculation.
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Chapter 4
4 Experimental Methods

4.1 Membrane Preparation Details

4.1.1 Cellulose Acetate Butyrate (CAB) Membranes

The film casting solution had the following composition (weight%):
cellulose acetate butyrate(CAB — 171 — 40) : 14.0

acetone : 74.0
water : 9.0
magnesium perchlorate 3.0

Water was first added into a bottle equipped with a magnetic stirrer.
Magnesium perchlorate was then added and fully dissolved in the water.
Then acetone was added and mixed in the bottle. A colorless, transparent
solution was formed. Afterwards CAB-171-40 (see Figs. 4 and 5 for details)
was gradually added into this solution until all the polymer powder was
added into the bottle. It took about 24 hours for all the CAB powder to
be fully dissolved. Thus, a transparent casting solution was obtained.

The film was cast, by using the casting solution, on a glass plate with
0.025 em (0.01 inch) side runners to give this thickness to the as-cast flm.
Uniformity of film thickness was obtained by passing a thick glass rod across
the top of the plate, the glass rod resting on the side runners only.

The acetone was then allowed to evaporate at room temperature (23-

25°C ) from the surface of the film on the glass plate for a period of one
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minute. This step in the film casting technique is generally referred as the
evaporation step. During this step, the film also partially hardened to a
semisolid mass.

The glass plate containing the partially hardened film was then care-
fully immersed into ice cold water in a tray where it was left at that tem-
perature overnight. This step in the film casting technique is generally
referred as the gelation step. During this step, the film finally set to a hard
porous gel from which acetone and magnesium perchlorate were leached out
practically completely. On standing in ice cold water overnight, the film
peeled itself off, or could be removed by hand easily, from the surface of the
glass plate. Then, the plain membrane was cut into coupons by punching
a round knife on the surface of the plain membranes.

These membrane coupons were proceeded to next step-pretreatment.

Pretreatment here was referred to a temperature and pressure treat-
ment before membranes’ use in the reverse osmosis experiment. The tem-
perature treatment consisted of shrinking the membrane held freely be-
tween two Pyrex petri dishes immersed in distilled water which was heated
gradually from the laboratory temperature of 23-25°C to the required tem-
perature 70°C and held at 70°C for 10 minutes. Then the film shrinkage
process is terminated by transferring the film from hot water to the rela-
tively colder laboratory temperature water. Heat-treated membranes were
kept at all times in a glass bottle containing distilled water covering the
membranes. The distilled water in the bottle was replaced with fresh dis-
tilled water every three days. The pressure treatment consisted of feeding

distilled water over the surface of the flm mounted in the reverse osmosis
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cell at a pressure of 5517 kPag (800 psig) from compressed nitrogen gas for
2 hours, after which time it was released to atmosphere. This process is

usually referred as pressurization.

4.1.2 Aromatic Polyamide (PA) Membrane

PA membranes used in the experiments were prepared using the fol-
lowing procedure, The aromatic polyamide powder was obtained from the
Division of Chemistry, National Research Council of Canada, with the fol-
lowing characteristics: Number Averaged Molecular Weight = 31300, in-
trinsic viscosity in 96% sulfuric acid at 20 °C = 1.80 dl/g, and the structure

shown in Fig. 6.

The polyamide material was dried under vacuum at 50°C for 48 hours.

The film casting solution had the following composition (weight%):

aromatic polyamide 16.91
lithium nitrate 6.93

dimethyl acetamide(DMA) 76.16
The polymer powder was put into a glass container containing lithium

nitrate and the solvent dimethy! acetamide for three days for the polymer to
be fully dissolved. The polymer solution was light yellow, semitransparent
and very viscous when polymer was dissolved. This casting solution was
filtered and degassed and left overnight after degassing,

The film was cast , by using the casting solution, on a Pyrex glass plate
with 0.025 cm (0.01 inch} side runners to give this thickness to the as-cast
film. Uniformity of ilm thickness was also obtained by passing a thick glass

rod across the top of the plate, the glass rod resting on the side runners
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only.

The evaporation time is controlled to be less than fve seconds at room
temperature of about 23-25°C , after which period, the glass plate with as-
cast film on was quickly moved into an oven at 95°C with fan ventilation
inside where it was held for 10 minutes. The glass plate containing the
partially hardened film was then carefully immersed into ice cold water in
a tray where it was left at that temperature overnight. On standing in
ice cold water overnight, the film peeled itself off, or could be removed by
hand easily, from the surface of the glass plate. The film was cut into small
round coupon-like membranes. There was no heat treatment applied to PA
membrane. The pressurization procedures were conducted the same way as
that for CAB membranes which was descibed earlier in this chapter. The

PA membranes were stored in a 3 wt.% ethyl alcohol water solution.

4.2 Description of Reverse Osmosis Experiments

4.2.1 Reverse Osmosis Apparatus

The static reverse osmosis cell, which is used in the experiments, illus-
trated in Fig.7 & 8 is a stainless steel pressure chamber consisting of two
detachable parts. The membrane is mounted on a stainless steel porous
Plate embedded in the lower part of the cell through which the membrane
permeated liquid is withdrawn at atmospheric pressure. The upper part of
the cell contains the feed solution under pressure which is in contact with
the membrane. The two parts of the cell are clamped and sealed tight using
rubber O-rings. Compressed nitrogen gas was used to pressurize the sys-

tem. About 200 cc.. of feed solution is used each time. The feed solution
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is kept stirred during the experiment by means of a. magnetic stirver fitted
in the cell about one quarter of an inch above the membrane surface,

4.2.2 Testing Procedures

After membranes were installed in static cells and pressurized by com-
pressed nitrogen gas at 5517 kPag (300 psig) for two hours, the pure water
permeation rate was measured with distilled water at 1724 kPag (250 psig)
by collecting samples after 2 hours running, weighing the sample collected
for a set period of time, usually 15 minutes. Afterwards, 250 cc. of 3500
ppm NaCl aqueous solution was fed into the cell and 1724 kPag (250 psig)
pressure was applied. The first 5 mL of membrane permeated solution,
which was referred as product, was discarded and the next § mL of product
was collected as a sample in a weighed dry glass bottle. The time consumed
to accumulate 5 mL of product was recorded. The product rate was calcu-
lated by dividing the weight of the product by the time taken. In all the
cases, the pure water permeability and product rate were reported in units
of g/h for 9.6 em? effective membrane surface area at 1724 kPag (250 psig).

In each experiment , the NaCl rejection rate, f, was calculated by

f feed concentration — product concentration
- feed concentration

(37)

where the concentrations of feed and product were determined by spe-
cific resistance measurements using a conductivity meter (Model CDMS0,
Bach-Simpson Ltd.). In all the sample analysis, the very first 5 mL of the
product was always discarded and the next 5 mL of product was collected
and analysed. Unless otherwise stated , the experiments were of the short

run type, each lasting for about 2 hours. They were carried out at the
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laboratory temperature (23-25°C ).

The shift from aqueous system to nonaqueous one was described as
follows. First, the above cell was washed with 250 cc. distilled water
for three times. Second, the membrane was fed with a 25wt.%, 50wt.%,
75wt.% and 100wt.% ethyl alcohol aqueous solution under the pressure of
1724 kPag (250 psig), successively for two hours. Third, 250 cc of pure
solvent (either constituent of a chosen binary organic mixture) was fed
into the cell under 1724 kPag (250 psig) for 2 hours. Fourth, 5 mL of
the membrane permeated product was collected in a weighed glass bottle.
Pure solvent permeation rate was determined by the weight difference of
the sampling bottle divided by the time taken, usually 30-60 minutes, to
collect the sample. Fifth, 250 ce. of binary mixture was fed in each run.
5 mL of membrane permeated product was collected after the initial 3 mI,
membrane permeated product was discarded. The product rate was also
determined by dividing the sample weight by the time taken with respect
to the same effective membrane area mentioned above.

Analysis of binary mixture composition was done by refractometry. A
Waters Differential Refractometer R401 was used. A gas chromatography,
Varian Aerograph Series 1400, was occasionally used. Each time, 10 pL of
sample was injected, HPLC grade ethyl alcohol was used as carrier solvent.
The flow rate of the carrier solvent was set at 1.0 mL/min. A column with
0.8893 g cellulose acetate was connected between the injector tubing and
the refractometer detector to generate smooth, reproducible response signal

from the refractometer.
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4.2.3 Model Systems

Four organic liquid mixtures had been chosen as model systems and
tested throughout this study. They were chosen in view of the need for

process development reasons.

These four systems were:

Ethyl alcohol + n — heptane
Ethyl alcohol + p— zylene
Ethyl alecohol + 1 — hezanol

n— Heptane + p— aylene
They represented the combination of:

alcohol + aliphatic hydrocarbon
alcohol + aromatic hydrocarbon
alcohol 1 + alcohol 2

aliphatic hydrocarbon + aromatic hydrocarbon.
The other reason for the choice of these combinations was that they

were completely miscible with each other within the entire range of concen-

trations, which allowed easy analysis by a refractometer.

4.3 Liquid Chromatography Experiments
4.3.1 Column Packing

A stainless steel pipe with length of 0.6096 meters (two feet) and inside
diameter of 0.001575 meters (0.062 inches) was packed with the polymer
powder from which the membrane was made. Cellulose acetate butyrate
purchased from Eastmen Kodak was fine powder. Aromatic polyamide

powder was obtained by crushing the PA repeatedly in a mill machine
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(Thomas-Wiley Laboratory Mill, Model 4 from Arthur H.Thomas Com-
pany,Philadelphia,PA,U.S.A.) in the Nepartment of Chemical Engineering
at the University of Ottawa till the powder was fine enough. The powder
was dried at 60°C overnight. The particle size for the column was kept in
the range 38-53 um by sieving for both CAB and PA materials, The poly-
mer powder was packed dry under the vacumn. The column was weighed
before and after packing. 0.5120 g CAB and 0.7960 g PA were packed
in two separate columns. The column was washed by pure ethyl alcohol
continuously overnight and then it was tested in the system.

4.3.2 Liquid Chromatography Apparatus and Experimental De-

tails

A Waters Associate Liquid Chromatograph ( Model 501 ) fitted with
a R401 refractometer was used in this work. The refractometer signal
was fed to a Waters 745 integrator. The time taken for the appearance
of a maximum recorded response after each injection was defined as the

retention time. The system setup is given in Figure 9.

To conduct the experiment, a mixture of solvent A and solvent B of
known composition was pumped into the column as a chromatography sol-
vent. Then 10 uL of pure A and 10 #L of pure B were manually injected
from a 50 uL Hamilton syringe into the solvent stream as chromatography
samples and retention times [V]7* and [V]B* were recorded correspond-
ing to the given solution compositon. The mobile phase flow rate was set
at 0.3 mL/min and the column pressure drop was less than 300 psig. A 15

micron filter was used in between the column outlet and the detector inlet.
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This filter was kept in a 50 wt.% nitric acid aqueous solution after use every
day. Surface excess values were calculated from the experimental retention
time data from equation 35. Thus the surface excess was obtained in the

entire composition range of the binary mixture.



Chapter 5
5 Results

5.1 CAB Membrane Shrinkage Studies

Cellulose acetate butyrate membranes were shrunk in distilled hot wa-
ter. An appropriate shrinkage temperature was determined from the ex-

perimental data in Table 2 and the corresponding Figure 10.

Table 2: CAB membrane shrinkage temperature studies
Shrinkage temperature®C  NaCl separation rate %* Flux, g/h**

not shrunk 9G.6 3.10
60 94.7 2.72
70 97.1 2.53
30 95.4 1.94
90 97.6 1.45
96 98.0 1.10

* 3500 ppm NaCl aqueous feed solution under 1724 kPag (250 psig).
** Based on the effective membrane area of 9.6 cm?.
The membrane shrunk at 70°C exhibited a high NaCl separation rate
and reasonably high flux. Thus 70°C was chosen as an appropriate shrink-

age temperature which was used throughout the CAB membrane prepara-

tion.
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Figure 10: Effect of shrinkage temperature on cellulose acetate butyrate
membrane performance corresponding to performance data given in Table
2. RO testing conditionn: 3500 ppm NaCl-water feed solution, operating
pressure: 1724 kPag (250 psig). Membranes were shrunk with distilled

water for ten minutes.
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5.2 Results of Reverse Osmosis Experiments

Both cellulose acetate butyrate (CAB) membranes and aromatic polyamide
(PA) membranes were first tested with NaCl aqueous solution and then
tested in nonaqueous liquid mixtures by following the procedures described
in Chapter 4. These testing results were summarized in Table 3 for CAB

membranes, and in Table 4 for PA membranes, respectively.
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Table 3
1.

KO Separation Lata _on Qraanic niguio Mixture
Data with Celluiose Acptats Bubtvrate {tAH) Memirane

g
5

i i
NaCliOrganic Liquid}_

____Operating Pressure,psig

)
H
1
1

'No.§5epn;Hixture System! 500 ; 150

i%‘ i A-B Mole% A in iProduct ; Mole% A in iProduct -
1 ; |Feed iProduct;FluquLn! Feed lProduct Flux®q/h
i 1 . ' ! .
S l0.130 | 0.232 | 5.06 | 0.000 | 0.000 | 8.41 i
0.235 § 0.338 3.60 , 0.140 : 0.315 1.5

1 |94.5{Ethyl alcohol |0.375 ] 0.505 2,90 ., 0.375 f 0.625 3.97

-n~Heptane 0.530 } 0.635 2.82 ., 0.570 I 0.760 4,31

¢.700 | 0.740 2.04 0.725 ; 0.870 4,52

0.885{ 0.887 2.46 0.%00 | 0.900 4,97

1.000 | 1.000 5.09

0.000 { 0.000 } 11,24 0.000 | 0.000 4.71

0.080 | 0.380 2.87 0.115 | 0.380 3.21

0.380 | 0.620 3.12 0.330 | 0.600 2.93

2 |82.9|Ethyl alcohol }0.510 { 0.748 3.14 ¢.500 | 0.732 3.31

:| -n~Heptane 0.720 | 0.850 3.15 0.700 | 0.830 3.96

0.902 | 0.940 3.57 0.900 | 0.912 3.84

, 1.000 § 1.000 3.;9 1.000 | 1.000 6.29

0.000 | 0,000 3.96 0.000 | 0.000 6.41

0.100 | 0.280 3.53 0.110 { 0,130 4.81

0.285 | 0.520 2.717 0.280 ; 0.380 4,00

3 182.9|Ethyl alcchol |0.515 | 0.590 2.70 0.510 | 0.618 3.94

-p~Xylene 0.710 | 0.795 2.86 0.712 | 0,740 3.76

0.900 | 0.920 2.85 0.900 | 0.903 8.98

1.000 | 1.000 6.06 1.000 | 1.000 | 15.11

0.000 | 0.Q00 5.62 ; 0.000 § 0.000 9.83
0.200 | 0.180 4.88 1 0,070 | 0.135 6.96 |
0.285 } 0.420 4,25 i 0.280 0.310 6.06 :
4 196.9|Ethyl alcohol [0.515 | 0.625 3.91  0.510 ; 0.555 4.77 |
-p-Xylene 0.710 0.756 3.69 i 0.712 0.730 5.38 |
! 0.900 | 0.910 1.23 i 0.900 | 0,916 4,56 :
! 1.000 | 1.000 3.77 ; 1.000 ; 1.000 5.87
—i ! ! i
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L. Dagta with Coliuloze ACitate BULyxate (CASL Menpranes

Tanie 3 (continued)

NaCl?Orqanic Liquid

- .oBperaving Pressure,nsig

‘No. :Sepn-Mixture System } =00 ! 150
; & LI A-B Molet A in__Product ' __ Mole$ A in  Product :
_ ' 'Feed,  Praduct Flux®g/hi_Feed EProduct!Elgggng:
L 0.000  0.000  3.67 : 0.000  0.000 E 0.80
;0,140 0,380 : 4.20 , 0.100 & 0.280 : 0.95
0,300  0.330 , 6.15 : 0.325 : 0.495 1.28
5 170.2{Ehtyl alcohol :0.500 ! 0.550 6.44 0.530 i 0.622 1.70
-1-Hexanol 10.651 : 0.635 | 8.09 0.710 i 0.743 2.41
0.902 i 0.910 | 13.21 0.898 i 0.904 3.80
1.000 | 1.000 ; 15.04 | 1.000 | 1.000 | 4.49
' H i { t
0.000 ; 0.000 | 21.22 0.000 i 0.000 2.59
0.140 { 0,210 | 26.42 0.100 { 0.150 3.02
0.300 | 0.378 ¢ 38.85 ¢.325 ! 0.400 4.25
6 |85.31BEthyl alcohol [0.500 { 0.535 | 38.38 0.530 | 0.570 5.35
-1-Hexanol 0.691 { 0.730 ; 46.48 0.710 | 0,725 7.53
0.902 | 0.920 | 77.86 0.898 | 0.908 | 12.18
1.000 | 1.000 ; B5.10 1.000 | 1.000 { 18.40
0.000 | 0.000 1.38 0.000 | 0.000 2.09
0.050 | 0.180 1.14 0.131 | ©.220 2.47
0.318 { 0.435 2.29 0.320 | 0.395 2.44
7 {82.9] n-Heptane 0.476 { 0.598 3.28 0.490 ¢ 0.538 2.28
-p-Xylene 0.712 | 0.770 3.46 0.692 | 0.750 2.76
0.910 | 0.912 7.37 0.880 | 0.308 3.26
1.000 | 1.000 8.22 1.000 | 1.000 2.83
0.000 i 0.000 1.84 | 0.000 j 0.000 2.76
0.090 | 0.160 1.86 @ 0.131 | 0.230 3.32
10,318 | 0.420 ; 1.79 : 0.320 . 0.345 3.19
8 |96.9; n-Heptane !0.476 ! 0.530 t 1.62 ; 0.490 | 0.502 3.22
-p-Xylene 0.712 y 0.729 ! 1.15 ! 0.692 i 0.706 3.72
0.910 : 0.922 : 2.35 . 0.880 | 0.890 5.44
1.000 | 1.000 ; 3.99 | 1.000 ; 1.000 i 4.59
: ! ; | i
a: 3500 ppm NaCl-water feed, 1724 kPag (250 psig]).

b: Effective membrane area: 9.6 cm2.
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Tabhle 4 320 Separation Data on Oraanic Liguid Miztures
11.bata with Aromatic Polyamice (PA} Membranes

i . ]

; !NaCIEOrqanic Liquidt Uperating Pressure,psiq
iNo. SepnjHixture System! 50(1__,__._.___.....l — IS0
{ (% A-B 1 Mole% A in _'Product |__Mole% A in iProduct

E'"‘i : ;Feeq__ipraductiﬁluqu/hi Feed !Productgklux“ggh'

H

{0.000 | 0.000 ; 3.82 | 0.000 ! 0.000 f 5.02

10,080 | 0.250 | 2.12 0.085 | 0.100 | 4.14

9 {83.5/Ethyl alcohol 0,200 { 0.620 | 2.38 0.270 | 0.540 | 3.68
-n-Heptane .0.420 ¢ 0.755 2.32 0.455 | 0.648 ; 3.52

30.535 0.830 | 2.46 0.680 | 0.850 i 5.37

0.870 | 0.930 { 2.68 | 0.880 | 0.958 6.89

1.000 | 1.000 { 5.01 { 1.000 | 1,000 { 13.44

0.000 | 0.000 | 2.68

0.040 { 0.240 | 0.99

0.298 | 0.825 | 0.79 0.270 | 0.727 | 0.72

10 |92.9|Ethyl alcohol {0.498 | 0.860 | 1.10 | 0.395 | 0.870 | 0.84
-n-Heptane 0.688 | 0.895 | 1.80 | 0.720 | 0.931 | 1.20

0.855 | 0.928 | 3.80 | 0.920 | 0.978 | 2.80

1.000 | 1.000 | 21.90 | 1.000 | 1.000 { 3.24

0.000 | 0.000 | 0.46 | 0.000 | 0.000 | 0.54

0.150 | 0.448 | ©0.25 | 0.0395 | 0.168 | 0.79

0.365 | 0.617 | 0.83 | 0.385 | 0.590 | 1.14

11 |83.8|Ethyl alcohol {0.470 | 0.702 | 0.78 | 0.525 | 0.720 | 1.38
-p-Xylene 0.710 | 0.848 | 1.10 | 0.720 | 0.832 | 2.24

0.902 | 0,938 | 1.79 0.906 | 0.932 | 3.27

1.000 | 1.000 | 2.74 1.000 | 1.000 { 3.70

0.150 | 0.441 0.55 0.095 | 0.218 0.29
0.365 | 0.650 0.48 | 0.385 { 0.591 0.91
12 {96.2|Ethyl alcohol |0.470 | 0.732 0.49 0.525 | 0.712 1.13
~-p-Xylene 0.710 ; 0.830 0.79 0.700 § 0.860 2.34
0.902 | 0.951 1.91 0.906 | 0.938 3.09
1.000 | ir.000 4.14 1.000 | 1.000 4.30
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Table 4 {continued)
11. Data with Aromatic Polyamide (PA) Membrapea

i P .

. . !

_NaCl!Organic Liquid! Uperating Pressure,psin L
‘No.,Sepn,Mixture System, 500 ; 750 '
_ L ST A-B {_Mole% A in _iProduct  __ Mole% A in  Product .
— : iEggd__gProductlFlux”q/h; Feed ;Product!Flux®a/n
SR | N |
o ' { 0.090 ' 0.180 ! 0.03 !
P 0.305 | 0.550 : 0.13 |
i13 333.8iEthy1 alcohol §0.540 0.660 0.30 0.540 5,0.705 0.48 i

| -l-Hexanol 0.690 | 0.818 0.76 0.693 | 0.855 0.68 !

¢ 0.890 0.910 1.67 0.880 ; 0.903 | 2.52 !
1.000 1.000 ﬂ.pﬂ 1.000 gl 1.000 2.92
0.000 0.000 0.23 0.000 0.000 0.18
0.090 0.310 0.28 0.090 | 0.305 0.23
0.320 | 0.490 0.49 0.305 | 0.790 1.02
14 196.0{Ethyl alcohol {0.540 0.610 0.34 0.540 | 0.6803 0.92
-1-Hexanol 0.690 | 0.742 0.86 0.693 | 0.760 1.711
0.890 | 0.908 2.02 0.903 | G.920 3.36
1.000 | 1.000 5.40 1.000 § 1.000 5.84
0.000 j 0.000 0.30
0.102 | 0.410 0.48
0.300 | 0.499 0.67 0.396 | 0.480 1.13
15 155.7 n-Heptane 0.445 | 0.635 0.48 0.540 | 0.580 1.71
-p~Xylene 0.701 | 0.792 3.36 0.700 0.760 4,07
0.910 { 0.921 8.91 0.890 | 0.906 4.80
1.000 | 1.000 5.99 1.000 { 1.000 9.19
i :

a: 3500 ppm NaCl-water feed, 1724 kPag (250 psig).

b: Effective membrane area: 9.6 cm®.
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5.3 Results of Liquid Chromatography Experiments

Experimental retention time data are shown in Table § - 12 for CAB and
aromatic polyamide materials for various mixtures of organic liquids. The
surface excess data calculated on the basis of experimental retention time
data are also shown. The method of calculation was described in Chapter 3.
The variance for each solute retention time indicated by the relative error
percentage was controlled below 2.0% level. The relative error percentage

was calculated by the formula:

individual retention time — average retention time
average retention time

relative error % =

(38)

Comparing the experimental retention time data, the following is the

increasing order of the retention time for both cellulose acetate butyrate
and aromatic polyamide materials:

p — zylene < ethanol < n — heptane.

Figure 11-18 are the graphical presentution of the surface excess versus

the composition of the liquid mixtures.
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Table 5: Retention time data and surface excess for CAB-EtOH-p-xylene

P N T

Xa T (ETQH)} Ta{p-vylene) Surface Excess
mols minutes minutes I'2ApVa,cm?
1.0 11771 17147 0
0.9 6.610 5.220 6.4i9 E-02
0.8 6.657 5.070 10.770 ®-02
0.7 6.627 4.957 12.49¢ E-02
0.6 . 6621 | 4,953 . ¢ 12.190 E-02
0.5 6.353 4.910 9.440 E-02
0.4 6.670 5.177 8.169 E-02
0.3 6.493 5.517 4,107 E-02I
0.2 6.733 5.993 2.101 E-02
0.1 7.500 6.990, 0.727 E-02
0.0 11771 11777 0

column: CAB171-40 0.5120 g CaB

Ta,Tn reention time of EtOH, p-xylene, resp.

) % mole fraction of EtOH
solvent flowrate: 0.3 mL/min
injection volume: 10 1L
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Table 6: Retention time data and surface excess for CAB-EtOH-1-hexanol

LEN Ta{ELOH) *u{l-hexanol ) Surface Excess
mold minutes minutes FahoVs,cm?
1.0 /7117 i 0
0.9 6.100 5.740 1.8581 E-02
0.8 6.250 5.920 2.2459 E-02
0.7 6.280 6.235 3.3683 E-02
0.6 ' 6.320 6.380 '-0.4363 E-02
0.5 6,390 6.365 0.1630 E-D2
0.4 6.380 . 6.275 0.5714 E-02
0.3 6.460 6.255 0.8566 E-02
g.2 6.430 1 6.230 0.5632 E-02
0.1 6.535 6.300~ 0.3317 E-02
0.0 1117 11011 0

column: CAB171-40 0.5120 g CAB

Ta,Ts == retention time of EtOH and l-hexanol, resp.

Xn == mole fraction of EtOH

solvent flowrate: 0.3 mL/min

injection volume: 10 uL



T: i Retention  time  data  and surface  excess  for

CAB-n-heptane-p-xylene

Xa Talp-xvlene) Tu{n-heptane) Surface Excess
mol% minutes minutes FrldoVa,cm?
1.0 1t 11717 0
0.9 5.089 6.352 -3.903 E-02
0.3 4.975 6.175 -6.356 E-02
u.7 4.470 5.555 ; 77'?4? E-02
0.6 4530 5.600 | -7.917 E-02
0.5 4.334 5.430 ~8.159 E-02
0.4 4.266 5.556 ~8.910 E-02
0.3 4.308 5.655 -7.873 E-02
0.2 5.434 6.234 ~3.447 E-02
0.1 5.100 6.389 ~3.024 E-02
0.0 i 1711/ 0

column: CAB171-40 0.5120 g CAB

Ta,To == retention time p-xylene and n-hetane, resp.

Xa == mole fraction of p-xylene

solvent flowrate: 0.3 mL/min

injection volume: 10 uL
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Table 8: Retention time data and surface excess for CAB-EtOH-n-heptane

Xa TATEtOR) Tu{n-Heptane) Surrace Excess
mold minutes minutes TaBoVa,cn®
1.0 177t/ /1117 0
0.9 4.450 6.703 -9.4766 E-02
0.8 4.833 6.345 -10.744% E-02
0.7 ' 4.5617 , . 6€.163 -11.9544 B-02
0.6 | 4.707 6.047 ~9.4136 E~02
0.5 4.933 6.247 ~-8.0328 E-02
0.4 4.997 6.233 -6.1503 E-02
0.3 4.943 | 6.493 -5.7946 E-02
0.2 5.057 6.677, -4.0050 E-02
0.1 5.620 7.443 -2.2210 E-02
0.0 11177 11777 0

column: CAB 171-40 0.5120 g CAB

Ta:To == retention time of EtOH, n-heptane, resp.

Xa == mole fraction of EtOH

solvent flowrate: 0.3 mL/min

injection volume: 10 ML
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Table 9: Retention time data and surface excess for PA-IELtOH-p-xylene

Xa TA{ELOH) Ta(p-xylene) Surface Excess
mol% minutes minutes TaldoVa,cm?
1.0 17117 i 0
0.9 8.255 7.225 4.7562 E-02
0.8 9.310 8.015 8.7853 E-02
0.7, 8.265 7.130 §.4913 E-02
0.6 8.215 7.164 7.6564 E-02
0.5 8.210 7.090 7.3279 E-02
0.4 8.345 7.240 6.0458 E-02
0.3 8.335 7.440 3.7657 E-02
0.2 . 8.340 7.680 1.8741 E-02
0.1 8.515 8.005 0.7337 E-02
0.0 17117 11117 0

column: Aromatic polyamide(PA) 0.7960 g PA

Ta,Tn == retention time of EtOH and p-xylene, resp.

Xa == mole fraction of EtOH.

solvent flowrate: 0.3 mL/min

injection volume: 10 RL
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Tuble 10: Retention time data and surface excess for PA-EtOH-1-hexanol

Xa Ta{minutes) Tn{l-hexanol ) Surface Excess
mol% minutes minutes TahoVa,cm®
1.0 11117 11177 0
0.9 8.135 7.190 16.035 E-03
D.8 8.145 8.005 9.528 E-03
0.7 8.175 8.150 1.871 E-03
0.6 8.170 8.2;0 -4,363 E-03
0.5 8.170 8.400 ~14.,992 E-03
0.4 8.205 8.350 -7.8%0 E-03
0.3 8.255 8.350 -~3.969 E-03
0.2 8.365 8.445 -2.253 E-03
0.1 8.490 3.59; ~1.411 E-03
0.0 11117 11177 0

column: Aromatic polyamide(PA) 0.7960 g PA

Ta,Tn == retention time of EtOH and J-hexanol, resp.

Xa == mole fraction of EtOH.

solvent flowrate: .3 mbL/min

injection volume: 10 UL
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Tuble

11: Retention

time data  and  surface  excess

nn
in Hn

Xa
solvent flawrate:
injection volume:

mole fraction of p-xylene.
0.3 mL/min
10 ny
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for
PA-n-heptane-p-xylene
Xa Palp-nylene) Ta{n-heptane) Surface Excess
mol% minutes minutes TnAoVa,Ccm?
1.0 17417 17711 0
0.9 7.465 8.065 -1.8543 E-02
0.8 7.360 8.090 -3.8667 E-02
b1 . 7.330 8:.075 , -4.9965 E-02
0.6 7.225 8.125 -6.6591 E-02
0.5 7.030 8.155 -8.3751 E-02
0.4 7.175 8.110 ~6.4583 E-02
0.3 7.200 8.250 -6.1368 E-02
0.2 7.310 8.385, -4.6317 E-02
0.1 7.560 8.785 ~-2.8741 E-02
0.0 11117 11717 0
column: Aromatic polyamide(PA) 0.7960 g PA
Ta; T retention time of p-xylene,n-heptane,resp.



- —— .

‘Table 12: Retention time data and surface excess for PA-EtOH-n-heptane

a—

Xn Ta{ELtOH) Ta(n~heptane) Surface Excess
mols minutes minutes FadeVa,cm?
1.0 1177/ 1117/ 0
0.5 7.123 B.460 -6.8377 E-02
0.8 £.825 8.358. -10.8%41 E-02 :
0.7 6.875 8.320 ~10.8234 E-02 |
0.6 6.850 8.080 -8.6409 E-02
0.5 6.825 8.050 ~7.4887 E-02
0.4 6.828 §.060 -6.1304 E-02
0.3 6.885 8.080 -4,4674 E-02
0.2 6.975 8.185 -2.9914 E-02
0.1 7.220 8.515 -1.5778 E-02
0.0 1117/ 177/ 0
column: Aromatic Polyamide (PA) 0.7960 g
Ta,Tn retention time of BtOH and n-heptane, resp.

mn

Xa
solvent flowrate:
injection volume:

mole fraction of EtOH.

0.3

10

o8

mL/min

ML
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Figure 11: Surface excess for CAB-EtOH-n-heptane.
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Figure 12: Surface excess for CAB-EtOH-p-xylene.
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Figure 13: Surface excess for CAB-EtOH-1-hexanol.
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Figure 14: Surface excess for CAB-n-heptane-p-xylene.
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Figure 15: Surface excess for PA-EtOH-n-heptane.
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Figure 16: Surface excess for PA-EtOH-p-xylene.
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Figure 17: Surface excess for PA-EtOH-1-hexanol.
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Figure 18: Surface excess for PA-n-heptane-p-xylene.
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Chapter 6

6 Discussion

The discussion focuses on three aspects of the experimental data summa-
rized in Chapter 5. The first aspect concerns thie reverse osmosis fractiona-
tion achieved by CAB and PA membranes, of organic liquid mixtures. The
second part of the discussion examines the preferential adsorption of or-
ganic liquid components to the polymeric materials, namely CAB and PA.
Finally, the membrane separation data are compared with the preferential

adsorption data from LC experiments.

6.1 Reverse Osmosis Fractionation of Organic Liquid

Mixtures

Table 3 gives the experimental RO fractionation data for the systems ethyl
alcohol-n-heptane, ethyl alcohol-p-xylene, ethyl alcohol-1-hexanol, and n-
heptane-p-xylene using laboratory prepared cellulose acetate butyrate (CAB)
membranes. The results illustrate that separations take place in all the
four binary organic liquid mixtures studied, that ethanol is preferentially
transported through CAB membrane in the EtOH-n-heptane, the EtOH-
p-Xylene and the EtOH-1-hexanol feed solution systems whereas n-heptane
is preferentially transported through CAB membranes in the n-heptane-p-
xylene feed solution system. Referring to Table 4, the above results are also

valid when aromatic polyamide (PA) membranes are used.
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Fignre 19: Concept of membrane pore and preferential sorption (£, thickness

of interfacial layer; x, thickness of bulk layer) [44].
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In order to examine the results in more detail, the effect of operating
pressure and average pore size on the membrane surface will be discussed
below. An illustration of membrane pore concept is presented in Fig.19.

In the 7eneral case, the membrane pore area may be considered to
consist of two distinct regions, namely, (i) the ‘bulk solution region’ in the
middle of the pore unaﬁ'ecteci by th.e interfacial forces, (ii) the ‘interfacial
region’ next to the membrane surface including the membrane pore wall,

Effect of operating pressure on the RO fractionation can be
divided into three categories. First category is represented by the EtOH-n-
heptane and the EtOH-1-hexanol feed solution systems as shown in Figure
20 and 21, respectively.

In this category, separation increases with an increase in the operating
pressures for both CAB and PA membranes.The above results are under-
standable on the following basis [45]:

1. The composition of the permeated solution is governed by the rel-
ative contribution of the interfacial fluid and the bulk fluid (see Fig.19) to
the overall membrane transport. The flow of the bulk fluid does not cause
any separation. As for the flow of the interfacial fluid, it results in the en-
richment of the preferentially sorbed component in the permeated solution.
When by some reasons, the mobility of the interfacial fluid is reduced, the
enrichment of the preferentially sorbed component decreases. Further, in
the sorbed region, when the mobility of the preferentially sorbed component
becomes smaller due to some reasons than that of the non-preferentially
sorbed component, the flow of interfacial fluid through the membrane can

results in the enrichment of the non-preferentially sorbed component in the
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Figure 20: Effect of operating pressure on RO separation for
CAB-EtOH-n-heptane and PA-EtOH-n-heptane systems corresponding to
RO data given in Table 3,4, film No.1 and 10. Legend for operating pres-
sure: +, 3448 kPag (500 psig); *, 5172 kPag (750 psig).
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Figure 21: Effect of operating pressure on RO separation for
CAB-EtOH-1-hexanol and PA-EtOH-1-hexanol systems corr. ponding to
RO data given in Table 3,4, film No.5 and 14. Legend for operating pres-
sure: +, 3448 kPag (500 psig); *, 5172 kPag (750 psig).
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permeate solution.

2. An increase in the operating pressure tends to increase the mobility
of the preferentially sorbed layer.

For EtOH-n-heptane system, as determined from the liquid chromatog-
raphy experiments (see section 6.2, Table 8,12), heptane is the preferentially
sorbed component for both CAB and PA materials.

In the sorbed layer, the mobility of ethanol is more than that of heptane
as a consequence of the preferential sorption of heptane. Thus, the flow of
the interfacial fluid results in the enrichment of the ethanol in the permeate
solution. This expectation is consistent with the RO experimental results.
When higher operating pressure is applied, the mobility of the preferential
sorbed layer increases, Therefore, the enrichment of ethanol is enhanced
by the higher operating pressure. Experimental results shown in Fig.20
exhibits this tendency.

For the EtOH-1-hexanol system, as determined from the LC exper-
iments, ethanol is preferentially sorbed for CAB material (see Table 6).
‘Thus, the flow of the interfacial Auid results in the enrichment of ethancl
in the permeated solution. An increase in the operating pressure tends to
increasz more the mobility of the interfacial layer than that of the bulk
flow. Therefore, higher operating pressure results in the more enrichment
of ethanol in the permeate solution as is reflected in Fig.21. As for PA
material as shown in Fig.27, the preferential sorption of neither component
is predominent. It is assumed in this case that the average value of tnn
preferential sorption is equal to each other. Since the viscosity of hexanol

(1 = 43.7 cp) [51] is 25 times as rauch as that of ethanol (. = 1.70 cp)

=]
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at experimental temperature of 23°C, it is believed that ethanol is more
mobile in the interfacial region. The flow of the interfacial layer results in
the enrichment of ethanol and the enrichment is enhanced by the higher
operating pressure because of more interfacial flow. Fig.21 shows the in-
creased enrichment of ethanol in the permeate product with an increase in
the operating pressure.

Fractionation of EtOH-p-xylene feed solution system is the example of
the second category in which separation decreases with an increase in the
operating pressure. Experimental results are shown in Fig.22.

'The above results are understandable on the following basis:

1. Ethanol is preferentially sorbed for CAB and PA materials as deter-
mined from LC experiments {sce Table 5,9).

2. An increase in operating pressure tends to increase the sorption of
both preferentially and non-preferentially sorbed components in the inter-
facial layci:- For this mixture, the flow of the interfacial fluid results in the
enrichment of the preferentially sorbed ethanol in the permeate product.
An increase in the operating pressure leads to an increase in the sorption
of both ethanol and p-xylene. As a result of stronger sorption, the mobility
of ethanol molecules decreases more than that of p-xylene. Thus the flow
of interfacial fluid under higher pressure reduces the enrichment of ethanol
in the permeate product. This tendency is reflected in Fig.22.

n-Heptane-p-xylene feed solution falls into the third category in which
the separation is hardly affected within the operating pressure range from
3448 kPag (500 psig) to 5172 kPag (750 psig) as shown in Fig.23. This

is the case which lies between category one and category two. In this
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Figure 22: Effect of pressure on RO separation for CAB-EtOH-p-xylene
and PA-EtOH-p-xylene systems corresponding to RO data given in Table
3,%, film No.3 and 11. Legend for operating pressure: -+, 3448 kPag (500
psig); ¥, 5172 kPag (750 psig).
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case, n-lieptane is the preferentially sorbed component as determined from
LC experiments (refer to Table 7,11). When operating pressure increases,
the mobility increase of preferentially sorbed heptane resulting from the
pressurc increase is well balanced by the mobility decrease resulting from
the increase in sorption strength. So is the situation for xylene. Thus the
mobility of either component in the interfacial layer remains unchanged or
equally changed in the same direction. This accounts for the experimental
results,

To summarize, the effect of operating pressure on the degree of sepa-
ration depends on the preferential sorption of the species, strength of the
sorption, and the difference in the mobility of the sorbed species under the
conditions of the experiment.

As for the flux of the permeate product through both CAB and PA
membranes, there is a general tendency of flux increase corresponding to
the increase in the operating pressure, which is understandable on the basis
that with an increase in the operating pressure, both the flux of interfacial
fluid and that of bulk fluid increase. Therefore, the flux of the permeate

solution increases. The product rate data reflect the above tendency.

Fig. 24 illustrates the RO fractionation performance of CAB membrane-
EtOH-n-heptane feed solution system for the same CAB membrane with a
30 days’ interval.

The data show that while the flux of membrane permeate product solu-
tion declined after 30 days’ continuous contact with EtOH-n-heptane mix-
ture, the degree of fractionation remained almost unchanged. The results

suggest that separations are essentially unaffected by decrease in fux due
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to the collapse of porous substructure of membrane. This shows & direction
in the development of membranes for nonaqueous liquid mixture fraction-
ation. While the surface layer should have a sufficient permselectivity, the
porous sublayer needs to be sufficiently resistant to organic solvent.

Effect of average pore size on the fractionation

In principle, the mobility of the preferentially sorbed component de-
creases as the membrane surface, or pore wall, is approached as illustrated
in Fig.19; and at any given pressure, decrease in membrane pore size de-
creases the effective area available for the flow of the bulk fluid, which should
increase the net effect of the flow of the interfacial fluid on the separation.
The effect of average pore size on RO fractionation is well illustrated in the
following two examples.

‘The first example involves the increase in the separation with a decrease
in the average pore size on the membrane surface. Typical examples are
shown in Table 4. Referring to PA films 9 and 10, the pore size of film 10
is smaller than that of film 9, as indicated by the higher sodium chloride
separation of ilm 10. Referring further to the separation data of ethanol/n-
heptane mixtures by the above membranes, concentrations of ethanol in the
permeate from film 10 are higher than those from film 9. This example can
be explained by the above general principles.

Heptane is the preferentially sorbed component in this system. A de-
crease in the pore size results in a decrease in the mobility of the prefer-
entially sorbed heptane molecules in the sorbed region. Thus, the mobility
of ethanol relatively increases in the interfacial region. When the pore size

'ccreases, the contribution of the interfacial fluid to total flow increases.
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Consequently, the enrichment of ethanol in the permeate solution increases,

The second example involves the decrease in the separation with a de-
crease in the average pore size on the membrane surface. Typical examples
are shown in Table 3. Referring to CAB films 7 and 8, the pore size of
film 8 is smaller than that of film 7, as indicated by the higher sodium
chloride separation of film 8. Referring further to the separation data of
n-heptane/p-xylene mixtures by the above membranes, concentrations of
n-heptane in the permeate from film 8 are lower than those from film 7.
The above result is also understandable by applying the same principle
mentioned above, -

For CAB membrane-n-heptane-p-xylene system, heptane is preferen-
tially sorbed in the interfacial layer. A decrease in pore size results in a
decrease in the mobility of the preferentially sorbed heptane molecules in
the sorbed region. Thus, the mobility.of xylene relatively increases in the
interfacial region. When the pore size decreases, the contribution of the
interfacial flow to the total flow increases. Consequently, the enrichment of
heptane decreases in the membrane permeated solution.

The above two examples show that the effect cf average pore size on
the membrane surface can increase or decrease the enrichment of certain
species.

In Fig. 25, the results from PA and CAB membranes are com:pared.
It is interesting to note that, whereas sodium chloride separation by CAB
membrane is higher, the separation of ELOH/n-heptane mixtures is higher
with PA membranes.

The foregoing discussion clearly demonstrates that the operating pres-
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Figure 25: Comparison of CAB and PA RO performance data for
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sure and average pore size on the membrane surface are two important fac-
tors controlling the fractionation process. Their variations can positively
or negatively influence the extent of the fractionations of binary organic
liquid mixtures. Their effect should be carefully considered in the process

design as to achieve a desirable direction.

6.2 Preferential Adsorption of Liquid Components to

the Polymeric Materials

The Gibbs equation relating interfacial tension (7) of a solution and
the surface excess (T') of a solute at an interface can be given in the form
[46]:

1 9y
I'= " RT 3lna.]T’P (39)

where R is the gas constant, T is absolute temperature and a is activity
of the solute. Gibbs equation predicts the possible existence of a steep
concentration gradient at the interface. Such a concentration gradient at an
interface in effect constitutes preferential sorption of one of the constituents
of the solution at the interface.

The values of 'y ApV 4 calculated from €q.35 for four binary organic
liquid mixtures for CAB and PA material are presented in Table 5-12. They
are shown in Fig,11-18. The results show the following preferential sorption
characteristics at the polymer-solution interface depending on the solution

composition.

The results in Table 13-14 indicate that, for CAB and PA material, one

component is preferentially sorbed in the entire range of concentrations
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Table 13: CAB material sorption characteristics

System A-B Preferentially sorbed component | Highest sorption at
EtOH-p-xylene EtOH, 0<X,<1.0 X41=040
n-heptane-p-xylene heptane, 0 < X4 < 1.0 X =040
EtOH-n-heptane heptane, 0 < X, < 1.0 X4=0.70
EtOH-1-hexanol EtOH, 0< X, <0.52
hexanol,0.52 < X4 < 0.58 X4=0.72
EtOH, 058 < X4 < 1.0

Table 14: PA material sorption characteristics

System A-B Preferentially sorbed component Highest sorption at
EtOH-p-xylene EtOH, 0<Xs4<1.0 X4=0.75
n-heptane-p-xylene heptane, 0 < X4 < 1.0 X 4=0.50
EtOH-n-heptane heptane, 0 < X4 < 1.0 X4=0.75
EtOH-1-hexanol hexanol, 0< X4 <0.63 | X,=0.50 highest negative
EtOH, 0.63 < X4 < 1.0 X 4=0.90 highest positive




in the three binary mixtures, namely, EtOH-p-xylene, n-heptane-p-xylene
and EtOH-n-heptane. As for CAB material-Et OH-1-hexanol system , de-
spite the existence of a narrow range of compositions (0.52 < X4 < 0.58)
where neither component is preferentially sorbed or 1-hexanol is slightly
more adsorbed at the polymer-solution interface, ethanol is generally pref-
erentially adsorbed. As for PA material-EtOH-1-hexanol system, in the
range of smaller ethanol mole fraction (0.0 < X, < 0.50), 1-hexanol is
preferentially adsorbed, while in the range of greater ethanol mole fraction
(0.50 < X4 < 1.0), ethanol is preferentially adsorbed.A similar change in
the adsorption characteristics has been reported by Sourirajan and Mat-
suura (7). These results are the reflection of the nature of the polymer-
solution interaction, which can be generalized in the following order in the
adsorption strength of CAB and PA materials,

adsorption strength: p — rylene < ethanol < n — heptane

The above information on the preferential adsorption when combined
with information of mobility of component molecules enables one to predict
which component is enriched in the membrane permeate product solution

withent running RO experiments [50].
6.3 Comparison of Membrane Separation Data with
Preferential Adsorption Data from LC Experi-

ments

Liquid Chromatography experiments can provide a guideline for deter-
mining which species in a binary mixture will be enriched without running

RO experiment. Subsequently LC data can determine whether the mem-
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brane material is appropriate for the separation of a given solvent mixtures.
It may also save a significant amount of time and effort which is needed to
malke the polymer into a RO membrane when an unsuitable membrane ma-
terial is encountered. In the following discussions, preferential adsorption
data from LC experiments will be compared with membrane separation
data and the agreement between them will be examined.

It is generally agreed that RO separation is the combined effect of two
factors, namely, (1) an equilibrium effect which is concerned with the details
of the preferential sorption in the vicinity of the membrane surface, and (i)
a kinetic effect which is concerned with the mobility of one constituent rel-
ative to that of the other constituent in solution through the membrane
pore. To simplify the analysis, let the surface excess represent the equilib-
rinm factor which is concerned with preferential sorption and let Stokes’
Law radius of the penetrant molecules represent the kinetic factor which is
concerned the mobility of molecular species through the membrane pore.
Since diffusivity and viscosity are considered in determining Stokes’ Law
radius, such assumption is reasonable. Therefore, RO separation becomes
the combined effect of two factors, namely, surface excess and Stokes’ Law
radius. Subsequently, one is able to predict which constituent in a binary
organic liquid mixture will be enriched in the membrane permeated product
solution once surface excess data and Stokes’ Law radii are available.

To conduct such analysis, Stokes’ Law radii are calculated from Stokes’
equation and diffusivities necessary for such calculation are estimated by
the Wilke-Chang equation. Details of computation are given in Appendix

B. The calculation results are tabulated in Table 15.
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Table 15: Stokes’ Law Radii

A-B TaB, (x10%m | rg,, (X10%)m
EtOH-1-hexanol 1.1 2.5
EtOH-p-xylene 1.1 2.3
n-heptane-p-xylene 2.0 1.9
EtOH-n-heptane 1.1 2.5

By definition, a component with the smaller Stokes’ Law radius has the
higher mobility. Thus, in the four mixture systems, the component with the
higher mobility is identified as shown in Table 16. Table 16 also includes
the information on preferentially sorbed component of binary mixtures,

Component which is preferentially sorbed and more mobile is expected
to be enriched in the membrane permeate product solution. From Table 16,
ethanol is both preferentially sorbed and more mobile for EtOH-1-hexanol
and EtOH-p-xylene feed solution systems. Thus ethanol is expected to be
the enriched component. For the n-heptane-p-xylene feed solution system,
although heptane and p-xylene are equally mobile, heptane is expected to be
the enriched compound in the membrane permeated product solution since
heptane is preferentially sorbed. For EtOH-n-heptane feed solution system,
due to the fact that Stokes’ Law radii of ethanol in heptane solvent and
heptane in ethanol solvent are 1.1x10~%m and 2.4 x10-1%m , respectively,
it is apparent that ethanol molecule is substantially more mobile in the pore
than the heptane molecule, and the difference in mobility is enhanced as the
pore size decreases. Therefore, the enrichment of ethanol in the membrane

permeated product is expected. The above expectations are well confirmed
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Table 16: Characteristics of component adsorption and mobility in a binary

mixture
A-B Preferential | More mobile Expected Actual RO
sorption enrichment® | enrichment®
EtOH-1-hexanol EtOH® EtOH EtOH EtOH
EtQH-p-xylene EtOH EtOH EtQOH EtOH
n-heptane-p-xylene | heptane | equally mobile heptane heptane
EtOH-n-heptane heptane EtOH EtOH/heptane EtOR

a) Refer to component expected to be enriched in membrane permeate

product solution.

b) Refer to component actually enriched in RO experiment.

c) For CAB material, EtOH is preferentially sorbed; for PA material, EtOH

becomes preferentially sorbed when EtOH mole fraction ranges from 0.63

to 1.0.
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by the RO experimental results.

The agreement obtained above with respect to CAB and PA mem-
brane materials are significant from several points of view. They establish
the essential validity of the criterion of predicting the component expected
to be enriched in the membrane permeated product solution, that lig-
uid chromatography data provides preferential sorption charateristics and
that Stokes’ Law radius is an indication of the mcbility of the penetrant
molecule. The RO experimental results are understandable entirely on the
basis that RO separation is the combined effect of the preferential sorption
factor and the penetrant mobility factor.

Based on the foregoing discussion, a pseudo-operating line can be drawn
as shown in Fig. 28.

The physical meaning of Figure 28 must be clearly understood. The
curve for the adsorption phase is an arbitrary one which means component
A is preferentially sorbed on polymer material. This curve can be drawn
qualitively from the surface excess data. r4g and rg, refer to Stokes’ Law
radius of component A in solvent B and component B in solvent A, re-
spectively. When r4p < rp4 which means A molecule is more mobile than
B molecule in the membrane pore, the enrichment of component A in the
membrane permeated product solution is both thermodynamically and ki-
netically favorable. This enhances the concentration of A in the membrane
permeate product solution. A shift in the operating line in the Fig.28 re-
flects such an increase. EtQH-1-hexanol and EtOH-p-xylene feed solution
systems are two typical examples of the case. When r4p = rg4 which means

molecule A and B are equally mobile in the membrane pore, the operating
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line will be more or less around the adsorption line. n-Heptane-p-xylene
feed solution system is an example of this category. Referring to Table 15,
Stokes’ Law radii for heptane and xylene are almost equal. However, hep-
tane is preferentially adsorbed and subsequently heptane is enriched in the
membrane permeated solution. When rap > 7pa, especially when r4p is
several times as large as rg4 , which means the preferentially sorbed com-
ponent has a much less mobility in the membrane pore, the operating line
can be shifted downwards as shown in Fig.28. For EtOH-n-heptane feed
solution system, although heptane is preferentially sorbed, Stokes’ Law ra-
dius of heptane, 2.4 x10~%m , is two times as large as that of EtOH, 1.1
%10~1m. Therefore ethanol is enriched in the membrane permeate product
solution.

The foregoing results and discussions confirm the fact that RO sepa-
rations are governed not only by the sorption equilibria but also by the
relative mobility of the component molecules through the membrane pore.
It also shows the validity of the approach that prediction of which com-
ponent in the binary mixtrue is enriched in the permeate is possible by

considering both surface excess and Stokes’ radius.
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Chapter 7

7 Conclusions

A major contribution of this work is the further demonstration of the gen-
eral applicability of RO fractionation of organic liquid mixtures and the
establishment of the criterion to predict the to-be enriched component in
the membrane permeate product solution for a given membrane material.

The specific conclusions are:

1. Separation of the binary mixture of organic liquids takes place in
all of the membrane-solution systems studied; PA membranes give
higher separation than CAB membranes under the same experimental

conditions;

2. The operating pressure and the average pore size on the membrane
surface are two important parameters controlling the RO separation

of binary organic liquid mixtures.

3. Separations are essentially unaffected by a decrease in the flux, which

is caused by the collapse of the porous sub-structure of the membrane;

4, Liquid chromatography is a valid technique as a means of surface
excess measurement for binary organic liquid mixtures. The surface
excess can be positive, negative, or zero depending on the membrane
material-fluid system interactions involved. LC data offers an ap-
propriate means of characterizing interfacial properties of membrane

materials;
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5. Preferential adsorption exists in all the four binary organic liquid
mixtures for cellulose acetate butyrate and aromatic polyamide mem-

brane materials;

6. The combined consideration of surface excess data and Stokes’ Law
radius gives proper qualitative prediction of the constituent which
will be enriched in the membrane permeated product solution without

running RO experiments.
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Chapter 8

8 Recommendations

It is strongly recommended that this work be further continued giving
priority to the following subjects.
1. To carry forward an intensive program of R & D to develop high
flux-high separation membranes including cellulose acetate butyrate,
aromatic polyamide, polyvinyl alcohol, and ionomer membranes for

the industrial RO separation of organic liquid mixtures;

2. To develop appropriate methods for determining the surface area of
polymeric materials used in the LC column so that LC data on sur-
face excess can be utilized to calculate the interfacial surface force

parameter;

3. Analysis of RO data already generated by an appropriate transport

modlel using the interfacial surface force parameters;

4. To confirm the preferential sorption characteristics of the cellulose
acetate butyrate and aromatic polyamide materials shown by the lig-
uid chromatography data for the four model organic liquid mixtures,
by other independent physico-chemical techniques. Such confirma-
tion will make LC into a standard technique as a means of measuring

surface excess.
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Appendix

A Sample Calculation of Surface Excess

For CAB-EtOH-n-heptane system, known property data:

V4 = molar volume of ethanol = M/p = 46.07/0.789 = 58.390 cm®/mol;
V5 = molar volume of heptane = M/p = 100.20/0.684 =146.491 em®/mol;

From LC experiments:
When solvent stream flowrate = 0.30 mL/min,
with known ethanol mole fraction = z 45 = 0.40,
recorded retention times for ethanol, Ty = 4.997 minutes;

for heptane, Ty = 6.233 minutes.

Noting retention volume = flowrate x retention time, and substituting

known values into equation 35:

 (0.4)(58.390)(146.491)(0.30)(4.997—8.233)
LadpVu = ((0.40)(58.390)+(1~0.40)(146.491) )2

= —06.150 x 10~2cm3

“Similarly, other surface excess values are calculated.
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Appendix

B Calculation of Stokes’ Radius

To calculate the Stokes’ Law radius, the diffusivity term is first estimated

by the Wilke-Chang equation {47] and then Stokes’ Law radius is calculated

from the Stokes equation [48].

The Wilke-Chang equation is:
Dpp/T = T4x10™3(X M) V08 (40)

where Dp= diffusivity of solute at infinite dilution,em?/sec; u = solution
viscosity, centipoise; T= absolute temperature, K; X=association param-
eter; M=solvent molecular weight; V;=molar volume of solute at normal
boiling point, em®/mol.

Unit conversion factor used in the calculation is:
I!TT;(II{%EI = (1x107'm?)[1%1073(N ewton)(s)/m?)/[(s}(K)] = 1x10~7 Newton/I

From literature {47):

solvent X

ethanol 1.5
p-xylene 1.0
n-heptane | 1.0
hexan-1-ol | 1.0

All physicochemical properties necessary for the calculation of diffusiv-
ity by eq.40 are listed in Table 17.
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Table 17: Property Data for the Wilke-Chang Equation

solvent X M (g/mole) Vi(em?®/mole)®
ethanol 1.5 46.07 59.2
n-heptane | 1.0 100.20 162.8
p-xylene { 1.0 106.16 140.6
1-hexanol { 1.0 102.17 162.8

a) V; is obtained from the literature [47].

The Stokes cquation is:
kT
LT Grpras

D

(41)

where k,T, g and r45 are the Boltzmann constant, absolute temperature,

solvent viscosity and the solute radius respectively.
Rearranging:
k
6m(Dep/T)ap
Details of calculation are presented as follows.

rag = (42)

EtOH-n-heptane system: A=EtOH, B=heptane

For ethunol (A) in solvent heptane (B):

M = Myotyent =100.20, Vi = (V})sotute =59.2, X=1.0 (heptane is solvent)
From the Wilke-Chang equation:

(De/T)am 8 = T7.4x1078[(1.0)(100.20)]°%/(59.2)°6
— ~8{cm?
= 6.401x10-8len i)

= 6.401x107" Newton/K
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Substituting into expression for r4p:

e _ 1.38048 X120~ Joule /K __ -10
TAB = Ganaie) e X -1y = 11X1077m

For heptane (B) in solvent ethanol (A):

M = Myotvent =46.07, Vi = (V})sotute =162.8, X=1.5 (ethanol is solvent)

(Drp/T)g in a = T4x107°[(1.5)(46.07)]%%/(162.8)°¢
_ - —8(cm?
= 2.897x10 L—Hselm“\.,

= 2.897x107® Newton/K

rpa = 1.38048x10~23/[(6)(3.1416)(2.897x10-%] = 2.5x10~1%m

EtOH-p-xylene system: A=EtOH, B=p-xylene
For EtOH (A) in solvent p-xylene (B):
M = Myptyent =106.16, V, = (Wa)solute =59.2, X=1.0

Dpp/T = 7.4%1078[(1.0)(106.16))%%/(59.2)°¢

-8 !c'm2 !!cg[
6.589x 107"

6.589x1071% N/K

745 = 1.38048x10-2/[(6)(3.1416)(6.589x10~15)] = 1.1x10~m

For p-xylene (B) in solvent EtOH (A):

M = Mutyent =46.07,Vs = (Vb)sotute =140.6, X=1.5

Dppt/T = 7.4x107%((1.5)(46.07)}°%/(140.6)°® = 3.164x10-3= M)
=3.164x 1015 N/K

rpa = 1.38048%10~23/[(6)(3.1416)(3.164% 10~ 15)] = 2.3x10~'%m
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EtOH-1-hexanol system: A=EtOH, B=1-hexanol

EtGH (A) in solvent 1-hexanol (B):

M = Myyppens =102.17, V;, = (Vo) aotute =59.2, X=1.0

Dup/T = T.4x107%[(1.0)(102.17)}%5/(59.2)°% = 6.464x 10-8lenlie)
= 06.464x10""® N/K

rap = 1.38048x10-2/[(6)(3.1416)(6.464x 10-15)] = 1.1x10~10m

1-Hexanol (B) in solvent EtOH (A):

M = Myotyens =46.07, Vi = (Vi) sotute =162.8, X=1.5

Dpp/T = T.4x1078](1.5)(46.07)]%/(162.8)°¢ = 2.897x10-8(mlen)
= 2.807Tx10"!®* N/K

g4 = 1.3804x10-%/[(6)(3.1416)(2.897x10~5%)] = 2.5x10~¥m

n-Heptane-p-xylene system: A=heptane, B=xylene
Heptane (A) in solvent xylene (B)

M = Motyenr =106.16, V; = (V})sotuze =162.80, X=1.0
Dypp/T = 7.4x1078[(1.0)(106.16)]°3/(162.80)°¢ = 3.5910x 10-8{emllee)
= 3.5910x 10~ N/K

rag = 1.38048%10~%/[(6)(3.1416)(3.5910% 10~15)] = 2.0x10~1m

Xylene (B) in solvent heptane (A):
M= -M'salucnt =100.20, V;, = (Vb)aolute =140.6, X=1.0

Dop/T = 7.4x1078[(1.0)(100.20)]°% /(140.6)°¢ = 3.810x10-81°7’;‘)—’(]{.-‘)ﬂl
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= 3.810x10~** N/K

ras = 1.38048x10-%/[(6)(3.1416)(3.810x 10-15] = 1.9%10~1%m,

Results of above calculation are tabulated in Table 15.

Table 15 Stokes’ Law radii

A-B TaB,(%X10%m) | rg4,(x101%m)
EtOH-n-heptane 1.1 2.5
EtOH-p-xylene 1.1 2.3
EtOH-1-hexanol 1.1 2.5
n-heptane-p-xylene 2.0 1.9

This is the source of Table 15 in Chapter 6.
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