Chapter 2
Background

Abstract The information necessary to support the model development and the
literature to back the various discussions in the book is presented here. This chapter
presents information on the different organic solvents and their properties, mem-
brane materials and mechanical properties as well as the necessary membrane ter-
minologies, and information on the model that provided insight into developing
the model developed in this book.

Keywords Organic solvents + Membranes + Membrane performance + Membrane
polymers + Membrane models + Membrane swelling + Membrane compaction *
Young’s modulus - Solubility parameter *+ Poisson ratio + Membrane rejection *
Solvent-resistant + Membrane characterization - Solute distribution - Stress - Strain

2.1 Organic Solvents

Applications involving organic solvents is on the rise with a 2013 annual sales
of 25 billion USD. Moreover, experts predict a 4 % rise in annual sales until
2021 [1]. Generally, organic solvents are grouped into polar and nonpolar solvents.
Polar solvents are subcategorized into polar parotic and polar aprotic (Fig. 2.1
and Table 2.1). Table 2.1 presents examples of nonpolar, polar parotic, and polar
aprotic solvents. Nonpolar solvents include toluene, hexane, and benzene [1].
Polar parotic have hydrogen atom attached to an electronegative atom such as oxy-
gen and include water, ethanol, and acetic acid. Polar aprotic solvents have large
dipole moments and dielectric constants compared with nonpolar solvents. They
are very aggressive with their molecules having bonds that include multiple and
large bond dipole. These multiple bond exists between carbon (C), nitrogen (N),
sulfur (S), phosphorus (P), or oxygen, such as in ketones, aldehydes, ethyl acetate,
and dimethylformamide (DMF) [2].
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Fig. 2.1 General grouping of organic solvents [2]

Table 2.1 Properties of some organic solvents [3-5]

Polar Protic Solvents
- Generally moderate dipole

moment, moderate

aggressive and moderate

density

Polar Aprotic Solvents
- Generally high dipole
moment, most aggressive
and high density

Solvents Dielectric Density Dipole moment | Solubility parameter
constant (g/ml) (D) (MPa'/2)
Nonpolar solvents
Pentane 1.84 0.626 0.00 14.5
Cyclopentane 1.97 0.751 0.00 16.6
Hexane 1.88 0.655 0.00 14.9
Cyclohexane 2.02 0.779 0.00 16.8
Benzene 2.30 0.879 0.00 18.8
Toluene 2.38 0.867 0.36 18.2
1,4 dioxane 2.30 1.033 0.45 20.7
Chloroform 4.81 1.498 1.04 18.8
Diethyl ether 4.30 0.713 1.15 15.1
Polar protic solvents
Formic acid 58 1.210 1.41 24.9
n-Butanol 18 0.810 1.63 23.1
Isopropanol 18 0.785 1.66 24.9
n-Propanol 20 0.803 1.68 24.5
Ethanol 24.55 0.789 1.69 26.0
Methanol 33.00 0.791 1.70 29.7
Acetic acid 6.20 1.049 1.74 214
Water 80.00 1.000 1.85 479

(continued)



2.2  Some Membrane Performance Parameters and Models

Table 2.1 (continued)

Solvents Dielectric Density Dipole moment | Solubility parameter
constant (g/ml) (D) (MPa'/2)
Polar aprotic solvents
Dichloromethane 9.1 1.327 1.60 20.0
Tetrahydrofuran 7.5 0.886 1.75 18.6
Ethyl acetate 6.02 0.894 1.78 18.2
Acetone 21 0.786 2.88 19.7
Dimethylformamide |38 0.944 3.82 24.8
Acetonitrile 37.5 0.786 3.92 24.7
Dimethyl sulfoxide |46.7 1.092 3.96 24.5
N-Methyl 322 1.028 4.1 229
pyrrolidinone
Propylene carbonate | 64 1.205 4.90 27.2

2.2 Some Membrane Performance Parameters and Models

For a membrane undergoing permeation, the various solute concentrations
involved are the bulk solute concentration Cp, the permeate solute concentration
Cpi, the membrane surface solute concentration Cs, and the solute concentration in
the membrane Cy, that are shown in the Fig. 2.2.

Note that Cy, varies across the membrane thickness. For simplicity Cy, at any point
x along the membrane thickness can be calculated using Cryx = Cs — (CS - Cpi)x /L.
For average solute concentration in the membrane, x/L = 0.5 could be used. Cp, vari-
ation with the membrane thickness for each separation system is different so as the
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ratio of the Cp; to the Cy, (i.e., Cpi/Cy = Kq < 1) at the various transmembrane pres-
sures and feed rates. Cp;, Cs, and Cy are related to the flux g across the membrane,
diffusivity D, and the concentration polarization layer § as shown in Eq. 2.1 [2, 6, 7].

b (GG
pi="a ¢, 2.1)

8/D in Eq. 2.1 is obtained from Eq. 2.2 by knowledge of flux, transmembrane pressure
AP, osmotic coefficient ¢p,, solute concentrations in the bulk feed C}, and permeate
Cpi, molar gas constant R, and temperature 7. The hydraulic permeability L, and the
reflection coefficient o! are also obtained by fitting Eq. 2.2 to experimental data [7, 8].

— 4
AP — i

1 - v
! ¢mRT (Cp — Cp)

)
—lny= —g+1Ino!
ny Dq+ no (2.2)

The basic parameters used to describe membrane performances include flux (g)
and observed rejection (R;) of species i [9]. The observed rejection is defined in
Eq.2.3;

C .
Observed Rejection (R;) = <1 — Cm) x 100 % (2.3)
b

Equation 2.3 shows that an increase in Cp; results in a decrease in the objection
rejection, i.e., membrane performance. Another parameter of interest is intrinsic
rejection (r;) of species i defined to take into consideration the concentration polar-
ization layer C on the high pressure side of the membrane is as in Eq. 2.4 [9].

C .
Intrinsic Rejection (ry) = (1 - Cfn) x 100 % (2.4)
S
where Cp;, Cp, and C; are the permeate solute concentration, bulk feed solute con-
centration, and the solute concentration at the surface of the membrane at the high
pressure side, respectively. For a membrane retaining solute effectively, Cs is far
greater than Cp. Membrane flux (g) is defined as in Eq. 2.5 [9];

Volume of Permeate
Flux (¢) =

Membrane Area x Time 25

2.3 Some Factors Affecting Membrane Performance

Factors affecting polymeric membrane performance in organic systems include
concentration polarization [9], swelling [10], compaction [11], fouling [12], and
affinity between the solvent, solute, and membrane. Swelling and compaction are
known to have negative effects on performance; however, they have some posi-
tive effects. Concentration polarization and membrane surface fouling could cre-
ate a thin resistance layer that could improve membrane rejection, however, at



2.3 Some Factors Affecting Membrane Performance 9

the expense of flux reduction in some cases. Swelling of membrane polymer by
a solvent may indicate closeness in the individual solubility parameters. Swelling
results in flux increase; however, excessive swelling could lead to excessive com-
paction which may lead to lower flux [2]. In addition, excessive swelling could
reduce membrane rejection. Moreover, compaction reduces the membrane thick-
ness which reduces the diffusion path resulting in increased flux; however, the
increase compaction could also lead to increased membrane resistance leading to
flux drop. Mechanically, excessive membrane swelling could result in low Young’s’
modulus since the strain could be high at a low applied transmembrane pressure.
Reasonable transmembrane pressure on a swollen membrane could lead to low
membrane rejection but high flux [11] since the swollen membrane network could
transport the solutes easily across the membrane. However, in some situation, very
high transmembrane pressure on slightly swollen membrane could lead to increase
rejection but low flux if the concentration polarization builds up quickly.

2.4 In-Situ Real-time Swelling and Compaction
Measurement

Ultrasonic time domain reflectometry (UTDR) are among the technologies which
could be used to measure membrane swelling as well as compaction while the
membrane is permeated with the solvent or solutions of interest in real time [2,
13]. Details of UTDR are found elsewhere [2].

2.5 Description of Material Mechanical Properties

Some parameters used to describe polymer mechanical properties depending on
the application include the Young’s (tensile or compressive), bulk, shear, and flex-
ural moduli, tensile or compressive strength, yield stress and tensile or compres-
sive strain and failure, and Poisson ratio. Most mathematical models use some
of the above parameters in constitutive equations for descriptions and predic-
tions of mechanical systems [14]. Table 2.2 shows some solvent resistant mem-
brane materials with their respective Poisson ratios, Young’s moduli (tensile and
compressive), and solubility parameters and densities. Note that the parameters
in Table 2.2 were obtained when the materials surfaces were unconstrained and
under tension or compression. For pressure-driven solution—diffusion membranes,
the surfaces are generally constrained and compacted while permeated at a given
transmembrane pressure (compressive stress) and feed rate.

Figure 2.3 shows a homogenous membrane with initial thickness Lp, com-
pacted while permeated at a transmembrane pressure (High HP—Low pressures
LP). Homogenous membranes are made of one material and have either a dense or
porous structure.
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Fig. 2.3 A homogenous High Pressure Side (HP)
membrane under compression

Dense Membrane (D) Lp

Low Pressure Side (LP)

Fig. 2.4 An asymmetric High Pressure Side (HP)
with skinned functional

layer membrane under

compression

Lsf Skinned Functional Layer (sf)

Porous Layer (sl) Lsl

Low Pressure Side (LP)

Figures 2.4 and 2.5 show asymmetric membranes with two (2) layers, i.e., a
functional and support layers. Figure 2.4 shows an asymmetric membrane made
of the same material but has a skinned functional layer (sf) and a support layer
(sl); hence, different porosities or pore structures permeated at a transmembrane
pressure.

Figure 2.5 shows an asymmetric membrane which the various layers, i.e., func-
tional (f) and support layers (s) could be of different materials, hence different
porosities or pore structures as in a composite membrane and permeated at a trans-
membrane pressure.

For a homogenous membrane (Fig. 2.3) under compression while permeated at
a given transmembrane pressure same as compressive stress (o), the compressive
Young’s modulus E; is affected by the membrane material, porosity, and solvent—
membrane interaction. The compressive Young’s modulus E; is obtained from the
linear portion of the plot of the compressive stress (o) or the transmembrane pres-
sure versus the strain (¢) as shown in Eq. 2.6 [15];
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Fig. 2.5 An asymmetric with High Pressure Side (HP)
a functional layer membrane
under compression

L Functional Layer (f) l

Support Layer (s) Ls

Low Pressure Side (LP)

B — Compressive Stress (o)
e Strain (¢)

(2.6)

For an asymmetric membrane under compression while permeated at a given
transmembrane pressure, each of the layers undergoes different strains. Let
the stain for an asymmetric membrane with the functional layer (f) or the skin
functional layer (sf) have with corresponding strains of ef while that of the sup-
port layer (s) or porous layer (sl) have a strain of &;. The individual compressive
Young’s modulus of each of the layers can be calculated as shown in Eq. 2.7 [15];

E=2 and E =2

= — an =—

f o 5= e 2.7
From knowledge of the individual compressive Young’s modulus, the composite
compressive Young’s modulus can be calculated using Eq. 2.8 [15];

E¢Eq
Et =
EtL¢ + Es(1 — Ly)

where Lg (Lgf) + Ls (Lg) = 1 [15].

However, for a membrane made of layers undergoing permeation, it will be dif-
ficult to obtain the strain of the individual layers; hence, an overall strain will be
necessary to obtain the composite compressive Young’s modulus.

Most materials resist change in volume more than change in shape and are
being defined by bulk and shear moduli, respectively. For most isotopic and elas-
tic materials with unconstrained surfaces, the Poisson ratio (v) is in the range of
—1t0 0.5 (i.e.,, —1 < v < 0.5) for stability [26, 27]. However, situations includ-
ing densification, anisotropism, and constrained surfaces could lead to material
Poisson ratios out of the normal range (—1 < v < 0.5) while material is still sta-
ble. Materials with different Poisson ratio behave mechanically different [27]. For

2.8)
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pressure-driven solution—diffusion membranes, the surfaces are constrained and
compacted while permeated at a given transmembrane pressure (i.e., compressive
stress) and feed rate. For perfectly constrained membranes, the transverse strain as
results of swelling and compaction is far higher that the longitudinal strain since
the membrane is constrained. This leads to membrane densification which results
in higher than expected Poisson ratios values. Hence, the Poisson ratios could be
very well outside of the normal ranges for membranes in operation.

2.6 Constraint Polymeric Membrane Model

Weber and Newman [28] defined Eqs. 2.9-2.18 in their theoretical study of con-
straint polymer-electrolyte fuel cells and compared free swelling and constraint
swelling polymer membrane (see Fig. 2.6).

For a free swelling membrane;

Vs
w=w0+é°> (2.9

m

For a constraint swelling membrane;

YR'A
Ve = vo<1 + 00— &)) (2.10)
Vm
where &, is the degree of constraint defined by
Vi—Ve
&—w_% (2.11)

where V,, Vi, and V are the initial dry membrane volume, free swollen membrane volume,
and the constraint swollen membrane volume, respectively. A, Vi, V,, and & are the
unknown average membrane solvent content, partial molar volume of the membrane
and solvent, and the degree of constraint of a free swelling membrane, respectively.

For a membrane undergoing free and constraint swelling, Weber and Newman
[28] defined the chemical potential internal and external of the membrane to be
equal at equilibrium in Eqgs. 2.12-2.14.

> |

Dry Unconstrained Dry Constrained
Membrane Membrane

Wet Constrained
Membrane

Fig. 2.6 Membrane undergoing constrain swelling [28]
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l/«gl(: _ /'L%):;t (2.12)
n
wi = ¥ + RT In AEW + 2RT Z XiiM; (2.13)
n
te = 1+ RT In I EW + 2RT Z XijMj + Vot (2.14)
j=1
RT (&) 21
T = —In
Vo \4t 210
Ve
T=—Kln[ —
<vf) 2.17)
. N
(;C) B <vm+vo(1—$c)ﬁf) o (2.18)
Af Vin + Vois

where uif‘C“ and ,u?é‘t are the chemical potential for free (f) and constraint (c) relative

to the internal and external of the membrane. p* is the reference chemical poten-
tial. EW, M;, K, and 7 are the equivalent membrane weight; molality of the solute j
in the membrane, K is the bulk modulus and dilatation stress, respectively. R and T
are the molar gas constant and the temperature, respectively.
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