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Abstract

The aim of this study was to develop LbL membranes based on polyethyleneimine and
graphene oxide (PEI/GO) and to investigate them for three different applications, namely the
pervaporative desalination of high-salinity water, dehydration of ethylene glycol (EG) and
dehydration of ethanol (EtOH) and isopropanol (IPA). Salts are non-volatile, EG has a high boiling
point, and EtOH and IPA can form an azeotrope with water. To prepare LbL membranes in this
work, a chlorine-treated thin film composite (TFC) polyamide membrane was used as a substrate,
and PEI and GO were used as polycation and polyanion, respectively. To the best of our
knowledge, it is for the first time the aforementioned LbL membranes were prepared and
investigated in pervaporation applications.

Chlorine-treatment of TFC polyamide was initially studied to determine the suitable
chlorination conditions. It was found that pure water flux was more than doubled after chlorination
with sodium hypochlorite at 6000 ppm for 2h at room temperature. The as-chlorinated membrane
showed that the water permeation flux was almost tripled (i.e., 1.3 kg/m?h ) while the salt rejection
decreased by 2% (i.e., 95.8%) for pervaporative desalination of 20 wt% feed salt concentration.
The chlorine-treated TFC polyamide membranes with improved flux were used as substrates
throughout this study.

First, attempts were made to improve the pervaporative desalination performance. PEI/GO
LbL membrane formed on the surface of chlorine-treated TFC polyamide membrane for
pervaporation desalination of high-salinity water was investigated for the first time, and for this
reason, concentrations of PEI and GO were 0.02 monomol/L and 100 ppm, respectively. It was
shown that the incorporating PEI and GO to the chlorine-treated TFC polyamide membranes

improved the salt rejection. The PEI/GO LbL membrane was tested for the desalination of aqueous
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solutions containing NaCl, Na,S0,, MgS0,, and MgCl, salts, and a water flux as high as 8 kg/m?h
with a high salt rejection (>99.9%) was obtained for all the tested salts at various temperatures and
feed concentrations. In order to assess the temperature dependence of the permeation flux through
the membrane, the apparent activation energy for permeation of water was determined. The water
permeation flux increased with an increase in temperature due to the augmented driving force and
diffusivity in the membrane. The properties of the membranes surface were studied using Fourier
transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), atomic force microscopy (AFM)
and contact angle measurements. Based on the experimental data and stability of the PEI/GO LbL
membrane, the formation of the membranes through the LbL self-assembly with PEI and GO
showed potential for applications in the treatment of high-salinity water such as industrial
wastewater and concentrated reverse osmosis (RO) brine.

EG is one of the important substances in gas and chemical industries. Therefore, after the
efficiency of PEI/GO LbL membrane with one bilayer was found and analysed for pervaporative
desalination of salts, the PEI/GO membrane was further modified by increasing the number of
bilayers for uses in the dehydration of ethylene glycol (EG) with and without the presence of salts
in the feed. The effects of operating temperature and feed concentration on the membrane
performance were studied. The nano self-assembly of GO and PEI with three bilayers showed a
satisfactory performance; a permeation flux of 114 g/(m? h) and a separation factor of 213 were
achieved at 35 °C for a feed water concentration of 2 wt%. The impact of inorganic salt in the feed
on the pervaporation properties were tested by using NaCl as a model salt. The permeation flux
decreased with feed salt concentrations while permeate water content increased. The effects of the
number of PEI/GO bilayers on membrane performance were also investigated. Increasing number

of bilayers from 1 to 15 caused separation factor to increase by 148% while the total permeation
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flux decreased by 38%. It was for the first time in the literature that the resistance per bilayer and
substrate resistance in LbL. membranes were evaluated based on the resistance-in-series approach.
FTIR and AFM were used to study the chemistry and morphology of the surface of the PEI/GO
LbL membranes with different bilayers, respectively. Water contact angle measurements showed
that the surface of the PEI/GO LbL membranes was hydrophilic (lower than 54°), which is
advantageous for dehydration of EG.

Following dehydration of EG, the PEI/GO LbL membranes were crosslinked with
glutaraldehyde (GA) to further improve the performance of membranes for pervaporation
dehydration of EtOH and IPA. A two-level factorial design was used to determine the effects of
three main factors in the membrane preparation (i.e., GA concentration, crosslinking time and
temperature) on the permeation flux and separation factor. It was found that the GA concentration
and crosslinking time were the most significant factors on the performance of the membranes for
alcohol dehydration. The effects of operating temperature and feed concentration on the separation
performance of the crosslinked LbL. membrane were studied. For the crosslinked LbL. membrane,
total flux increased sharply with operating temperature, while separation factor showed little
dependence on temperature. At 60 °C, the crosslinked (PEI/GO) LbL membrane with seven
bilayers had fluxes of 1.8 kg/m?h and 1.5 kg/m?h at 2 wt% water in feed, and the corresponding
separation factors were 77 and 197 (respectively for EtOH/water and IPA/water mixtures). It was
also showed that the membrane performance can be efficiently adjusted by altering the number of
bilayers. The permeance ratio increased to 250 and 620 for water/EtOH and water/IPA systems,
respectively, demonstrating that the membrane became much more permselective after deposition
of the bilayers on the substrate. FTIR, AFM and contact angle measurements were used to study

the surface chemistry, morphology and hydrophilicity of the (PEI/GO) LbL membranes with



different bilayers, respectively. The separation performance of the XL(PEI/GO); membrane was
monitored over an operation time of 210 h at 50 °C to verify the membrane stability. The long-
term data showed there were no significant variations in pervaporation performance, implying the
feasibility of the crosslinked membrane for pervaporation processes.

For all target applications, the activation energies for permeation of each penetrant based on
permeation flux (E;) and membrane permeance (Ep) were calculated and discussed in detail. The
activation energies of the different penetrants were compared as they were affected by the types
of PEI/GO LbL membranes and the composition of the feed solutions to be separated.

Finally, suggestions for future work include optimization or modification of the PEI/GO LbL
membrane preparation to further improve membrane performances for pervaporation applications.
Field emission scanning electron microscopy (FESEM) and transmission electron microscopy
(TEM) can be used to look at the PEI/GO LbL membranes with and without crosslinking in more

detail in future studies.
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Chapter 1

Introduction

1.1 Motivation

Lack of access to potable water and sanitation are important challenges of our time. Globally
more than one-third of people live in water-stressed countries, and this number is expected to
increase to two-thirds by 2025 [1]. This worldwide challenge has motivated the search for
advanced water treatment approaches. Membrane-based separation technologies are efficient,
energy-saving, environmentally friendly, and versatile compared with conventional separation
methods. According to the “Global Membrane Market for Industrial Water and Wastewater
Treatment Forecasts and Analysis,” the membrane market is growing at a Compound Annual
Growth Rate (CAGR) of 11.1% and is expected to reach $18.22 billion by 2025 [2].

Pervaporation, an emerging membrane process for separating liquid mixtures, is mainly
applied for treating organic-organic mixtures, azeotropic mixtures, anhydrous organic mixtures,
dehydrating of organic solvents, thermally sensitive compounds, and eliminating trace organic
compounds from contaminated water [3,4]. Dehydration is the most developed area of
pervaporation applications, and desalination via pervaporation has gained interest in recent years

[5,6]. The advantages of pervaporation over conventional technologies are that it is simple to



operate, needs no third component, consumes less energy, and does not introduce secondary
contamination [4]. Moreover, this process has superior separation ability and energy efficiency,
resulting in a 40-60% reduction in energy consumption [7]. Pervaporation can be used as a
standalone unit or integrated with other unit operations, such as distillation, to form a hybrid
process. For example, using a hybrid pervaporation-distillation process in ethanol-production can
reduce operating costs (66% lower than a standalone distillation process) [8]. Table 1.1 compares
separation options for a small-scale ethanol/water GFT plant [9]. Pervaporation has the lowest cost

and consumes less energy than distillation and adsorption [9].

Table 1. 1 Separation options for small scale ethanol/water (Basic: 1000L/day, 99.5 wt%
ethanol).

Pervaporation Distillation Adsorption
System cost $ 75,000 $ 140,000 $ 90,000
Pumps 3 kW 2 kW 2 kW
Steam 45 kg/h @ 1.8 bar 70 kg/h @ 7.3 bar 90 kg/h @ 7.3 bar
Entrainer 3 L/day

An efficient pervaporation membrane requires a high permeation flux and reasonable
selectivity. However, the permeation flux is usually low for pervaporation processes and still
under-developed commercially [10]. For selective removal of water, hydrophilic membranes are
frequently applied. Layer-by-layer (LbL) self-assembly of oppositely charged polyelectrolyte is
one of the simple, yet low cost and efficient method to prepare hydrophilic membranes with thin
surface layer [11,12]. LbL membranes have attracted significant interest in pervaporation
applications due to their ultra-thin thickness, high hydrophilicity, and ionic crosslinked structures

[11,13]. However, the low membrane stability, high preparation time and rate of membrane



swelling limit its use in pervaporation applications. These limitations can be improved by applying
appropriate (1) substrate and (2) oppositely charged polyelectrolytes. Chlorine-treated thin film
composite (TFC) polyamide membranes have an ultra-thin selective layer which reduces the
number of polyelectrolyte deposition and save preparation time [14]. TFC polyamide negative
surface charges make it ready for polycation deposition [15]. Controlled chlorination of polyamide
membranes increases their permeation flux, surface negative charges and hydrophilicity [13].

In this study, branched polyethyleneimine (PEI) was used as a polycation as it has both
secondary and primary amine groups in its structure. Graphene oxide (GO) nanosheets have great
potential as building blocks for the fabrication of inexpensive and high-performance water
purification membranes. GO nanosheets are negatively-charged due to the ionization of
carboxylate groups when well-dispersed in water. Consequently, the nanosheets can be used as an
anionic component to electrostatically bond to polycations such as PEI [16-18].

The main goal of this study was to prepare LbL membrane with improved pervaporation
performance. No prior study in the literature has been investigated the preparation of PEI/GO
deposition on the surface of chlorinated TFC polyamide membranes. It was hypothesized that
depositing PEI and GO on the surface of chlorine-treated TFC polyamide membranes can build
selective LbL membranes with enhanced properties for pervaporative desalination and
dehydration. It was for the first time that the as-mentioned membranes were employed for
pervaporation applications. Crosslinking of bilayers was also considered as a promising approach
to decrease the degree of swelling and increase the stability of the PEI/GO LbL membranes.
Glutaraldehyde (GA) was chosen as a crosslinker agent in this study. Its potential for crosslinking

of PEI and GO was investigated as well.



1.2 Knowledge gap

As mentioned earlier, pervaporation is an energy-efficient process compared with conventional
separation processes. However, the current industrial applications of pervaporation are relatively
limited due to the lack of stable and cost-effective membranes under industrial operating
circumstances (i.e., relatively high temperature and continuous exposure of the membrane to a
feed solution). Low membrane permeation flux and selectivity are also common problems of
pervaporation membranes. Therefore, in this study the focus was on improving pervaporation
membrane performance via LbL self-assembly approach. To prepare appropriate membranes for
pervaporative water desalination and solvent dehydration, the chemical properties and material
selection of the membrane must be considered. In addition, to reach a higher permeation flux
without sacrificing the separation factor is still the main challenge. Herein, it was tried to increase
the permeation flux with chlorination of the TFC polyamide substrate and increase the selectivity
by depositing hydrophilic PEI/GO bilayers. More efforts are required to prepare thin membranes
with fewer defects, lower mass transfer resistance, more hydrophilicity, and stability. Composite
membranes such as LbL. membranes have promising structures.

LbL membranes with different pervaporation performances due to their different fabrication
methods and configurations have been reported since 1998, and information on the preparation of
LbL membranes and their pervaporative applications is highly desired. Moreover, there is a paucity
of literature on using GO in LbL assembly for pervaporation applications. Although the self-
assembly of PEI/GO on top of chlorinated TFC polyamide membranes for pervaporation
applications are expected to offer a preferential passageway for the transport of water molecules,
the membrane permeability and selectivity for different feed systems (i.e., salt/water, EG/water,

EG/water/salt, EtOH/water and IPA/water) are still limited. To our knowledge, little work has been



carried out on the application of GO-based LbL membranes in pervaporative desalination of water
and dehydration of solvents. Only a few studies reported in the literature demonstrated organic
solvent dehydration in the presence of inorganic salt. As the thickness of an active layer of a
membrane increases with the number of bilayers, more valuable information should be provided
about the relation among membrane thickness, permeation flux, and selectivity, and there are key
questions yet to be discussed about total resistance of a membrane.

To fill these knowledge gaps, the present research work intended to investigate the properties
of PEI/GO LbL membranes and address the issues mentioned above and provide a better
understanding of the GO-based LbL. membranes in different pervaporation systems and conditions.

The results can provide new references for LbL. membrane fabrication.

1.3 Research objectives
The objective of this research was to investigate LbL. membranes based on PEI and GO with
improved separation performance and stability for desalination and dehydration applications via
pervaporation. Membrane preparation, separation performance and mass transfer resistance were
systematically studied and thoroughly discussed. The detailed research objectives are as follows:
1) To study the chlorine treatment of the TFC polyamide membranes for use as a substrate
and improve the separation performance of chlorinated TFC polyamide membrane by
deposition of PEI and GO for pervaporative desalination of high-salinity water.
2) To investigate the TFC membranes fabricated via self-assembly based on PEI/GO for

pervaporative dehydration of ethylene glycol, with/without the presence of salt.



3) To improve the performance of the PEI/GO LbL membranes for pervaporative dehydration
of ethanol and isopropanol by surface crosslinking of each bilayer using glutaraldehyde

(GA).

1.4 Thesis layout
This thesis is organized into six chapters, as follows:

Chapter 1 briefly introduces pervaporation and background of the research, then outlines the
objectives study.

Chapter 2 reviews the literature on pervaporation systems for water desalination and solvent
dehydration. Information on the fundamentals and mass transport mechanism of pervaporation is
provided. In addition, the development and features of layer-by-layer (LbL) assembly membranes
are presented, and current studies that have been carried out to develop pervaporative LbL
membranes are discussed.

Chapter 3 presents the chlorine treatment of TFC polyamide membranes in a controlled
manner, followed by the deposition of PEI and GO for the pervaporative desalination of high-
salinity water. The effects of operating temperature and feed concentration on membrane
performance were investigated. Four types of salts (i.e., NaCl, Na;SO4, MgCl,, and MgSOs) were
used as model salts in this study.

Chapter 4 investigates the separation performance of the PEI/GO LbL membranes for the
dehydration of ethylene glycol, an important application in natural gas and chemical processing
industries. The effects of the number of bilayers on pervaporation performance were studied. The

effects of feed concentration, operation temperature on the pervaporative performance were also



investigated, using binary mixtures of ethylene glycol/water and ternary mixtures of ethylene
glycol/water/salt. The stability of the membrane was also tested.

Chapter 5 deals with the design and fabrication of crosslinked PEI/GO LbL membranes for the
dehydration of ethanol and isopropanol via pervaporation. A two-level factorial design was used
to study the effects of three main factors (i.e., crosslinker concentration, crosslinking time and
temperature) in the membrane crosslinking on the permeation flux and separation factor. The
effects of feed concentration, operating temperature, and the number of bilayers on the
pervaporative performance were further discussed. The stability of the crosslinked membrane was
also tested at a relatively high temperature (i.e., 50 °C).

Chapter 6 draws general conclusions and highlights the original contributions of the thesis
work. Some recommendations for future research are also provided. Fig. 1.1 shows an overview

of this thesis structure.
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Chapter 2

Literature Review

2.1 Pervaporation

The term pervaporation, which combines the words “permeation” and “evaporation,” was first
coined by Kober, who described selective permeation of water from aqueous solutions of albumin
and toluene through cellulose nitrate film [19]. Since then, many studies have been carried out to
develop this technology [10,19]. Pervaporation is a membrane-based technology for the separation
of liquid mixtures. The difference in the partial vapor pressure of components between the feed
side and the permeate side drives the process, which is usually maintained by a vacuum pump on

the permeate side of the system [14,20]. In the pervaporation process, a heated feed-liquid mixture

comes in contact with the upstream side of a non- porous or molecular-sieving porous membrane;
permeate vapor is then preferentially removed from the downstream side by either a vacuum pump
or an inert purge (generally air or steam). When cooled down (e.g., using a liquid nitrogen cold
trap), the permeate vapor undergoes a phase change and forms a condensed permeate [10].
Permeating component with a higher affinity to the surface of the membrane and/or quicker
diffusivity in the membrane can be preferentially removed from the feed mixture. Pervaporation

involves a phase change from liquid (feed) to vapor (permeate). Technologies such as distillation



involving phase change are usually energy-intensive. However, pervaporation deals with the minor

components of the liquid mixture, and selective membranes are employed [21].

2.2 Mass transport mechanism

The permeation of a component across a pervaporation membrane can be explained from both
kinetic and thermodynamic perspectives. Thermodynamically, it involves the solubility of the
permeating component into the membrane, whereas kinetically, it involves penetrant diffusion
through the membrane. The coupled transport among different penetrants should also be
considered since it influences the permeation of individual permeant. Additionally, these
penetrants can swell the membrane and alter its microscopic structure, enhancing diffusion rates
[4]. In principle, two approaches are widely used to address mass transport in pervaporation: 1)

the solution diffusion model and 2) the pore flow model [5,10].

The solution diffusion model

Thomas Graham proposed the solution-diffusion model, the most popular transport mechanism
in pervaporation, and the one most accepted in the membrane community [22]. The heated feed
liquid mixture is in contact with the upstream side of the semipermeable membrane, and mass
transfer takes place under the concentration gradient through the membrane. The vaporous
permeate in downstream can be removed. Accordingly, the concentration gradient, which is related
to partial vapor pressures of upstream and downstream sides of the membrane is considered to be
the driving force for the process [5]. Differences in the amount of penetrant that dissolves in the
membrane and the rate at which the penetrant diffuses through the membrane are the basis of
separation in this model [23]. The transport of a permeating component across a membrane occurs

in three consecutive steps (Fig. 2.1) [10]:
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1) Sorption of the penetrant from the feed liquid side into the membrane side;
2) Diffusion of the penetrant in the active layer of the membrane;

3) Desorption of the penetrant to the vapor phase on the downstream side of the membrane.

Feed Membrane Permeate
(liquid) / (Vapor)

A
A\ 4

Sorption

)
O
o ® °
O
P, Cy
Desorption
>
X
—

Figure 2.1  Schematic diagram of the solution-diffusion model [23].

The separation performance of pervaporation membranes can be increased by improving
solubility selectivity and/or diffusivity selectivity of the penetrant(s) [4]. The sorption and
desorption steps are assumed to be fast enough to reach equilibrium. The second step, i.e. diffusion,
is considered to be a rate-controlling step and can be described by Fick’s first law [5]. The model
can be applied to derive equations for the mass transport in dense membranes such as gas
separation, reverse osmosis, dialysis, and pervaporation.

Furthermore, the solubility of a penetrant in a membrane is related to the condensability of the

penetrants and membrane-penetrant interactions. The diffusivity is affected by the molecular size
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and shape of the penetrants, the mobility of the polymer chains, the interstitial space between
polymer chains or the fractional free volume of the membrane, as well as the interactions between

the permeating components and the membrane [24].

Pore flow model

Okada and Matsuura proposed an alternative transport model based on pore flow
considerations [25]. In this model, straight cylindrical pores with a length of 6 are assumed to be
on the surface of the membrane. Fig. 2.2 schematically shows the pore-flow model. The pores are
perpendicular to the membrane surface and all of them are under isotherm condition. It is also
postulated that the pores are filled with liquid to a depth of 81, and the remaining portion (52) of
the pores are filled with vapor. Accordingly, there is a liquid/vapor phase boundary somewhere
inside the membrane pores. The mass transport of this model consists of three steps:

1) Liquid transport from the pore inlet to a liquid-vapor phase boundary;
2) Evaporation at the phase boundary;

3) Vapor transport from the boundary to the pore outlet.

— 8,

3,

Feed (liquid) ——

Permeate (Vapor)

Membrane

Figure 2.2  Schematic diagram of pore-flow model [25].
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This model simplifies the membrane structure and implies the combination of liquid-transport
and vapor-transport sequentially [14]. The pore-flow model may disregard membrane-permeant
interactions, and might not be suitable for cases where the feed solution causes the membrane to

swell significantly.

2.3 Evaluation of pervaporation membrane performance

The membrane performance is expressed as the capability of a membrane to separate out the
components of a mixture. Three specific factors must be taken into consideration. i) Membrane
productivity, which is commonly described by permeation flux (J). Note that the thickness of a
membrane has a significant impact on permeation flux, and thinner membranes are desired. ii)
Membrane separation efficiency, which can be defined in terms of selectivity () or separation
factor (o). For o of unity, no separation takes place in the system. Note that concentration
polarization can potentially affect selectivity. Concentration polarization occurs when there is an
accumulation or reduction of permeable components at the boundary layer due to the selective
transport through the membrane [26]. Commonly, the permeation flux and the selectivity are
determined by experiments. iii) Membrane stability which maintains permeation flux and
selectivity under system conditions for an extended period. Chemical, mechanical and thermal
properties of the membrane have an essential effect on the membrane stability [10,20].

The flux (J) of the membrane can be directly determined experimentally by evaluating the total
weight of the permeate (Q) during a specific period (¢) over the effective surface area (A) of the
membrane.

J=0Q/(Ax1t) 2.1)

The separation factor a can be defined by the following equation:
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Ywi /ij

Xwi /ij

o= (2.2)

where y,, and x, are the mass fractions of components i and j in the permeate and feed,
respectively. Higher values of o mean that the membrane has achieved a greater degree of
separation. If a — oo, the membrane tends to be entirely selective [14].

Moreover, based on the solution-diffusion model, the flux (J) is described as follows [14]:
dy.
Ji=—L My, 2.3)

du,
where ﬂl/ dy 15 the chemical potential gradient of component i, and L, is the coefficient of

proportionality (not necessarily a constant). The effect of all the typical driving forces such as
gradient in concentration, pressure, temperature, and electromotive force on flux can be described
by the chemical potential gradient. The chemical potential can be expressed as follows:

dy, = RTdIn(y,c;) + vidp (2.4)
where ¢, is the concentration and v, is the partial molar volume of component i, and p is the

hydrostatic pressure. If the activity coefficient and the molar volume are assumed to be constant
values, and by considering ideal gas condition for the vapor phase, the permeation flux can be

expressed as:

e (2.5)

Ji=—C( o e T Livig,
In the solution-diffusion model, it is assumed that the hydrostatic pressure through the
membrane remains constant, and the chemical potential gradient of a permeant across the

membrane is described simply as a concentration gradient [14]. As a result, equation 2.5 can be

rewritten as [5]:

RTL; dc;
c; dx

Ji= (2.6)
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Substituting the term RTL /c,with D,, equation (2.6) can be simplified as Fick’s equation for steady-

state permeation [27].

S 2.7

Ldx x

Ji=-D
where D, is the diffusion coefficient of component i in the membrane (m’/s), X is the membrane
thickness (m), and Ac, is the concentration difference between component i at the membrane
surface on the feed and permeate sides (kg/m’). Based on equation (2.7), the flux is inversely
proportional to the membrane thickness.

Flux and separation factor depend on both the intrinsic properties of a membrane and the

operating parameters such as temperature, feed concentration, and pressure. Based on the solution-

diffusion model, flux and separation factor can be used to determine the permeability (P) and
selectivity (f), intrinsic properties of the membrane. The permeability (P; ) is calculated as follows:

Jil Jil
P —Ji 2.8
L Pif_Pip AP; ( )

where [ is the membrane thickness, Pif is the partial vapor pressure of component i in a vapor phase
that is in equilibrium with the feed liquid, and Pipis the partial vapor pressure of component i in
the permeate. According to equation 2.8, P is the thickness- and pressure-normalized permeation

flux. In pervaporation, the feed is in a liquid phase; Pif can be calculated using Raoult’s Law:

P/ = x;yps (2.9)

L

where x;, y;, and P7?t are the mole fraction of component i in the feed, the activity coefficient, and

the saturated vapor pressure of component i, respectively. The partial vapor pressure (Pip) in the
permeate is calculated assuming ideal gas behavior, by:

PP =y,PP (2.10)
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where y; and PP are the mole fraction of component 7 in the permeate and the total pressure at the
permeate side. When the permeate side is under a high vacuum, PP approaches zero. As a result,

the permeability can be evaluated from:

p, =1 2.11)

xiy PPt
To look into how the permeability coefficient is related to diffusivity and solubility, consider
the pervaporation of a pure component through a flat membrane with a thickness of /, as indicated
in Fig 2.1. P, and P, are the equilibrium vapor pressure of a component in the feed and the vapor
pressure of the permeate. At steady-state permeation, the flux can be determined from the Fick’s
first law (equation 2.7) by integration across the membrane (from x=0 to x=1):
1

J =1/ Ddc (2.12)

For constant diffusivity coefficient D, the following equation can be written
J= % D (2.13)

where C; and C, are the concentrations of the penetrant in the polymer at the feed and permeate
sides of the membrane, respectively. Therefore, the permeability of vapor through the membrane

can be stated as:

p=-1L _ (ﬂ) D (2.14)

T PP, \P,—P;
Equation 2.14 is valid for the permeation of pure component. To expand this definition to mixtures,
P, and P, should be substituted with the relevant partial pressures (equations 2.9 and 2.10).
In pervaporation, the pressure (P,) and concentration (C,) of the feed-side are noticeably

greater than those of the permeate side. Therefore, equation 2.14 can be simplified as:

C,
P==
P

(2.15)
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The equilibrium solubility coefficient, S, of vapor in a membrane measures the concentration of
the vapor sorbed in the membrane at an equilibrium vapor pressure in the vapor phase [27-29].
From the theoretical point of view, the most appropriate definition of S is

s==%
P

(2.16)
After replacement of equation 2.15 by equation 2.16, the permeability in the pervaporation process
can be expressed through the following expression:

P=DS (2.17)

where S is calculated at the feed-side of the membrane (i.e.,S = ICJ—Z ). Strictly speaking, this
2

equation is only valid when both D, S and thus P are constant [29].

From equation 2.17, permeability, P, which is an intrinsic property of a membrane depends
on: 1) S, a thermodynamic term, describing the quantity of volatile penetrant molecules dissolved
in the membrane matrix and 2) D, a kinetic term, describing the motion of penetrant molecules as
they diffuse into the membrane (rate of migration through the membrane) [27,28]. Generally, the
diffusivity and solubility coefficients depend upon penetrant size and shape and temperature. The
diffusion coefficient is strongly sensitive to free volume (chain packing) in polymer chains and
chain mobility, so the permeability coefficient is often directly correlated to free volume [28,30].
For instance, after crosslinking of a membrane, the diffusion rate of a penetrant across the
membrane starts to decrease as the free volume in the polymer decreases. The solubility coefficient
is sensitive to interactions between penetrants and the polymer [27]. Depending on the operating
conditions, membrane preparation and feed solution, both D and S have significant effects on the
permeability and selectivity (membrane performance).

In pervaporation, the effect of operating temperature on permeation flux often follows an

Arrhenius type of equation [31]:
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Ji = Joexp (—-2) (2.18)

where E,is the activation energy for permeation, J, is a pre-exponential factor, R is the gas
constant, and T is the absolute temperature. It should be noted that equation (2.18) has been widely
used in pervaporation to calculate the activation energy of permeation from the logarithmic
diagram of flux vs. the inverse of temperature. The activity coefficient and the saturated vapor
pressure are also affected by temperature in different ways; therefore, E, is only a rough

characterization of the apparent activation energy of permeation that measures the overall
temperature dependence of permeation flux.

The temperature dependence of D;and S;is usually expressed as [31]:
E
D; = Dy exp (— ﬁ) (2.19)
AH
S;i =Sy exp (— E) (2.20)
Therefore, the permeability coefficient can be described as:
E
P, = Py exp (— é) (2.21)
where E = (E, + AH) is the real activation energy of permeation based on permeability, it consists
of the activation energy of diffusion (E,) and the enthalpy change of dissolution (AH) of the
permeant in the membrane. A pre-exponential factor, P, is equal to Do multiplied by So.

The activation energy (Ep) can be calculated from the slope of the line for In(VAP) vs. 1/T. As
mentioned earlier, the permeate pressure may be assumed to be zero. Therefore, by assuming a
Clausius-Clapeyron equation for the saturated vapor pressure of the feed and insignificant
temperature dependence of the permeant activity coefficient, the activation energy E, can be

estimated through the following correlation:
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Ep = E; — AHy, (2.22)
where AHy, is the heat of vaporization of the permeant. Evaluating Ej from InJ vs. 1/T is more
straightforward compared to calculating E, from In(JAP) vs. 1/T data, especially when the
permeate pressure is sufficiently low. Accordingly, equation (2.22) can be used to estimate E, from
the corresponding data of E;. This equation explicitly shows how enthalpy change due to the phase
change in pervaporation influences permeation. Note that E, is the activation energy based on
permeance that measures the temperature dependence of the permeability of the membrane,
excluding the effect of temperature on the driving force for permeation (AP).

The selectivity (P) is the ratio of the permeability of components i and j:

_ P
Pj

B (2.23)

In addition, the selectivity () of asymmetric membranes can also be evaluated as the ratio of the

permeance of components i and j, when the actual selective layer thickness is unknown [4,20]:

Pi/
Bij = Pj l (224)
/
The salt rejection (R) can be experimentally determined:
R= "% x 100 (2.25)
¢r

where Cr and C, are the salt concentrations in feed and permeate, respectively [5].

The mass transport mechanism in non-porous uncharged polymeric membranes can be
described by the solution-diffusion model. According to Kuznetsov et al. [32], pervaporation
desalination can be considered as separation of a pseudo-liquid mixture including free water
molecules and hydrated salt ions in water, similar to the separation of organic solutions by
pervaporation. Water molecules are first adsorbed and then diffused into the fractional free volume

(FFV) of the dense hydrophilic membrane, while salt is rejected. The water flux through the
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membrane depends on the thickness of the membrane, the diffusion coefficient of water in the
membrane and the hydrophilicity of the membrane, while the rejection of salts relies on the salt
solubility and diffusivity (and plus permeability) through the membrane [33]. Xie et al. [34]
reported that both NaCl and water diffusivity and permeability are directly proportional to
membrane water uptake and FFV. They showed strong correlations between water flux and FFV,

and between mass transfer coefficient and the FFV of membranes.

2.4 Membrane materials for pervaporation

To date, pervaporation has been used in different applications (as noted in Chapter 1). Among
them, the dehydration of such organic solvents as alcohols, acids, ethers, and ketones is the most
well-developed application [35-37]. Recently, desalination by pervaporation has drawn
considerable attention from researchers. The available pervaporation membranes in the market are
manufactured from a variety of materials such as polymeric, zeolite, and hybrid materials
(composite) with different morphologies. Fig. 2.3 shows several types of membranes that are
suitable to be used in pervaporation [5]. Polymeric membranes such as poly(acrylic acid),
poly(vinyl alcohol), chitosan, and polyacrylonitrile are practical and feasible alternatives
according to their ease of preparation and low fabrication costs; however, they may be subjected
to a trade-off between permeability and selectivity [5,7]. Inorganic membranes have high thermal
stability and good performance; however, they are expensive and brittle. Therefore, composite
membranes are widely used, as they have features of both organic and inorganic materials.

For both dehydration and desalination, dense hydrophilic membranes are the primary choice.
Water molecules diffuse through a membrane and then evaporate into the vapor phase on the other

side of the membrane to generate clean water. Therefore, membrane-material selection for two
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applications — the pervaporative desalination of high-salinity water and the dehydration of organics

— are discussed in detail in the following.

[Types of membranes in pervaporationJ

[Organic membranes] [Inorganic membranes] [Hybrid membranes]

ﬁol}’ethylene-based ion- \ * Zeolite * Organic-inorganic
d e Thin film composite (TFC)

exchange * Amorphous silica-base

* Polyether amide
* Polyether ester
* Cellulosic

* Polyester

* Nanofiber composite

Qoly(\/inyl alcohol) compoy

Figure 2.3  Types of membranes used in pervaporation [4].

Membranes for pervaporative desalination

Table 2.1 summarizes some of the materials and performance of pervaporative membranes
typically used for desalination. As mentioned earlier, hybrid organic-inorganic membranes,
combining two different materials, have new properties such as improved permeation
performance, modified membrane structure, and better stability. The chemical interactions

between the organic and inorganic components are strong ionic/covalent bonding and weak
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hydrogen bonding. The former is considered to help prevent the agglomeration of inorganic

particles and the formation of non-selective voids at the organic-inorganic interface [38,39].

Table 2. 1 Summary of membranes and their performances in pervaporative desalination.
Membrane NaCl T (°C) Operation Membrane J R Ref.
(g/L) conditions on thickness  (kg/m*h) (%)
permeate side (ym)
Silicate-1 (S-1) 3 75°C vacuum 6 115 99 [40]
ZSM-5 3 75°C vacuum 33 12.5 99 [40]
Cellulose triacetate 100 50°C Air sweep 10 2.3 99 [33]
(4.68%107 m/s)
Sulfonated polyethylene, 0-176 25-65°C  Air sweep (6 m/s) 100 0.8-3.3 _ [41]
cation exchanger
Polyethylene, anion 35 45-65°C Air sweep 50-180 1.5-3.0 _ [42]
exchanger (>1.5m/s)
Poly(vinyl 2 65°C Vacuum 10 11.7 999 [34]
alcohol)/maleic
acid/silica
NaA zeolite Sea water 69°C Vacuum _ 19 999 [43]
NaA zeolite 29 77°C Vacuum _ 44 999 [43]
Poly(vinyl alcohol) 30 70°C Vacuum 0.1 7.4 999 [44]
ZSM-5 38 90°C Vacuum _ 0.85 99 [45]
Polyetheramide 32 Solar Cooler tunnel 40 0.56 99.99 [46]
energy
(70°C)
Carbonised template 3 20°C Vacuum _ 3 97 [47]
silica

Poly(vinyl 5 20°C Vacuum 0.62 9.04 99.5 [48]

alcohol)/polyacrylonitrile
Clinoptilolite-phosphate 14 95°C Vacuum _ 15 95 [49]
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Membrane NaCl T (°C) Operation Membrane J R Ref.

(g/L) conditions on thickness  (kg/m*h) (%)
permeate side (ym)
Graphene 35 90°C Vacuum 0.1 65.1 99.8 [50]

oxide/polyacrylonitrile

Membranes for pervaporative dehydration

Hydrophilic polymeric membranes are durable in water and can act as molecular sieves. These
membranes may interact with water molecules by hydrogen bonding, ion-dipole interactions (in
case of polyelectrolytes), and/or dipole-dipole interactions [51]. The water permselectivity of a
membrane can be improved by enhancing the diffusion ratio of water to organics or by enhancing
the sorption ratio of water to organics. Polymeric membranes such as poly(vinyl alcohol) (PVA),
chitosan (CS), alginate, polysulfone (PSF), polyimide, polyamide, polyelectrolyte, and polyaniline
have been used mainly for the dehydration of organic solvents. However, these hydrophilic
membranes may swell excessively in water and exhibit poor stability.

When polymer chains are stretched, membranes swell. Therefore, the membrane flux increases
while its selectivity decreases. The degree of swelling can be decreased by reducing the
hydrophilicity of a membrane, leading to enhanced selectivity and decreased water flux. Through
modification such as chemical crosslinking and/or blending, the membrane resistance to swelling
may improve [52]. Chemical crosslinking introduces irreversible covalent bonds among polymer
chains [4]. The degree of crosslinking influences a membrane performance. Network structures
become more compact when the degree of crosslinking is greater between polymer chains. The
result is a stiff membrane with relatively greater stability. Today, many attempts have been
performed to increase the separation performance of membranes. For instance, one can modify the

surface of a membrane by increasing the degree of crosslinking or by changing the hydrophilicity
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[51]. Table 2.2 summarizes some of the materials and performance of membranes typically used

for pervaporative dehydration of ethanol (EtOH) and isopropanol (IPA).

Table 2. 2 Summary of membranes and their performances in pervaporative dehydration.
Binary mixture (mass Support Active layer Crosslinker/ o J T Ref.
ratio) modification (kg/m*h)  (°C)
EtOH/water (50:50) PVA PVA Amic acid 100 0.25 45 [37]
EtOH/water (90:10) PVA PVA Dimethylolurea 115 0.12 60 [53]
EtOH/water (95:5) PVA/PAAM PVA/PAAM - 45-4100 0.1-0.06 75 [54]
IPA/water (90:10) PVA PVA UFS solution 77 0.095 30 [55]
EtOH/water (90:10) CS CS Glutaraldehyde 127 0.201 50 [56]
IPA/water (90:10) CS CS Glutaraldehyde 196 0.197 60 [56]
[PA/water (95:5) PSF CS Binded with PVA 400 04-08 50 [57]
EtOH/water (90:10) Alginate Alginate Ionically 300 0.230 50 [58]

crosslinked, Ca®*
IPA/water (90:10) Na-Alg Na-Alg Glutaraldehyde 356 0.012 30 [59]
followed by HCI
IPA/water (90:10) PSF PVA/Na-Alg  Maleic anhydride 1727 0.414 45 [60]
(80:20)
EtOH/water (90:10) PSF hollow PSF - 23.9 0.173 25 [61]
fiber
IPA/water (85/15) P84 P84 - 5 2.578 60 [52]
EtOH/water (90:10) BAPP BAPP - 22 0.27 25 [62]
EtOH/water (95:5) PAN PEI/PAA Dynamic LbL 604 0.314 70 [63]
hydrolyzed
with NaOH
EtOH/water (95:5) PES PEI/PAA Dynamic LbL 1207 0.140 40 [64]
EtOH/water (90:10) Nylon-4 Nylon-4 - 4.5 0.35 25 [65]
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PAAM: polyacrylamide; UFS: urea formaldehyde and sulphuric acid mixture; Na-Alg: sodium alginate; P84:
polyimide; BAPP: polyimide membrane based on 3,3-bis[4-(4-aminophenoxy) phenyl] phthalide; PAN:
polyacrylonitrile; PAA: polyacrylic acid; PES: polyethersulfone;

2.5 Methods for fabrication of pervaporation membranes

Pervaporation membranes can be either symmetric and dense, or asymmetric with a thin dense
selective skin layer. Asymmetric membranes can be made from either one material or different
ones (composite membranes). For the former type, a homogeneous polymer solution is precipitated
in a non-solvent bath (usually water), forming a bottom porous layer and a dense top layer. The
latter type allows more freedom during fabricating. They can be fabricated by solution casting,
direct coating, interfacial polymerization, and layer-by-layer assembly [4,66].

Interfacial polymerization (IP) is a favored method for the fabrication of thin film composite
(TFC) membranes. These membranes are widely used for RO and NF [14,24]. This method has
been much less used for pervaporation, except for dehydration [4]. The IP mechanism involves a
fast reaction between an amine-based monomer (typically between 0.1- 1%w/v) and an acyl
chloride-based monomer (usually between 0.05-0.2% w/v) at the interface of the two immiscible
monomers to form a polyamide layer. This condensation polymerization reaction can form a
selective layer on a porous substrate (such as polysulfone and polyethersulfone). The polyamide
TFC membranes are negatively charged due to the presence of carboxyl groups on their structures.
Fig. 2.4 shows the IP reaction and the chemical structure of a typical polyamide membrane. Table

2.3 summarizes the performance of TFC membranes in the dehydration of organics.
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Figure 2.4  Schematic representation of the IP reaction and the chemical structure of a typical
polyamide membrane. The m and n in the polymer structure show the crosslinked and linear parts,
respectively [67].

Table 2. 3 TFC membranes for the dehydration of organic solvents.

Binary mixture Support Active layer T J o Ref.
(mass ratio) (°C)  (g/m’h)

IPA/water (90:10)  Modified PAN MPD-TMC 25 181 22 [68]
EtOH/water (90:10) Modified PAN TETA-NTAC 25 537 491  [69]
EtOH/water (90:10) Modified PAN TETA-TBAC 25 452 301 [69]
EtOH/water (85:15) Polyvinylidene fluoride®  MPD-TMC 50 1288 40 [70]
EtOH/water (85:15) PES*® MPD-TMC- 50 7501 60 [71]

silicone coating

IPA/water (90:10)  Modified PAN EDA-TMC 25 213 105 [72]
IPA/water (90:10)  Modified PAN TETA-TMC 25 370 171 [73]

MPD: m-phenylenediamine; TMC: trimesoyl chloride; TETA: triethylenetetramine; NTAC: 5-
nitrobenzene-1,3-dioyl dichloride; TBAC: 5-tertbutylbenzene-1,3-dioyl dichloride; EDA:ethylenediamine;
* Hollow-fiber membrane
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Layer-by-layer assembly

Layer-by-layer (LbL) self-assembly is a technique developed to build up multilayer films with
controlled thickness in nano-scale. LbL self-assembled membranes are formed under electrostatic
(ionic) interactions between oppositely charged polyelectrolytes. The LbL membranes have been
applied in the pervaporative dehydration of organic solvents since they are hydrophilic. However,
water-induced swelling is an unavoidable concern during the pervaporation process. Chemically
crosslinking the LbL. membranes helps improve their performance and long-term stability [4]. Liu
et al. found that crosslinking the LbL. membrane formed from carboxymethyl cellulose/poly(diallyl
dimethylammonium chloride) (CMCNa)/(PDDA) with glutaraldehyde (GA) resulted in better
membrane resistance to swelling and good selectivity for IPA/water mixtures [74]. Zhang et al.
reported that after crosslinking the outmost PEI layer on the PEI/PAA LbL membranes, the
composite membranes showed a stable and relatively high performance for the dehydration of
EtOH [75].

Polyelectrolytes

Polyelectrolytes are macromolecules with rich functionalities that can be dissociated into
highly charged macromolecules in polar solvents such as water. Weak polyelectrolytes are
partially dissociated in solvents, and strong polyelectrolytes may undergo complete dissociation
in solvents. The polyelectrolytes can be classified into polycations and polyanions based on their
charges. There are many polyelectrolytes with different charges, structures, and properties. Fig.
2.5 shows the chemical structures of the monomers of common polyelectrolytes used for preparing

LbL membranes.
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Figure 2.5  Chemical structures of common polyanions and polycations.
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Practically, polyelectrolyte complexes can be fabricated by (a) mixing or (b) interfacial
complexation methods (Fig 2.6). Multilayered polyelectrolyte complex membranes are

hydrophilic with ionic crosslinked structures.

M Mlxmg R
O, ®) .
S, o) + Counter ions
W S ©
Interfacial =4 )
complexatlon
+ Counter ions

W

Figure 2. 6  Schematic diagram of polyelectrolyte complex formation via (a) mixing, and (b)
interfacial complexation methods [11].

The mechanism of LbL assembly

The electrostatic attraction between a charged surface and a polyelectrolyte is the principal
driving force for LbL self-assembly. As shown in Fig. 2.7, LbL self-assembled membranes are
prepared in four steps. For illustration, a positively charged surface is considered. Polyelectrolyte
solutions with low concentrations (usually below 0.2wt%) are used in LbL [75]. First, the
polyanion is adsorbed onto the positively charged surface of a substrate due to electrostatic
attraction; therefore, the surface becomes negatively charged. The adsorption of a polyelectrolyte
layer by a charged surface is irreversible. The substrate surface is then thoroughly rinsed with DI
water to remove excess polyanion molecules that have not been strongly adsorbed on the surface.
Finally, a polycation is adsorbed by the negatively charged membrane surface, and the surface

becomes positively charged again. The above steps can be repeated to form additional
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polyelectrolyte layers. In each step of the assembly, a polyelectrolyte layer is adsorbed on the
charged substrate and reverses the surface charge for the next layer. The number of layers can be

controlled, and multilayers may have a thickness in the nanometer range [76].

1. Polyanion
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2. Wash

2
g
8
=
n

Figure 2. 7  Schematic of LbL adsorption of polyelectrolytes on the positively charged surface
[77].

Charge overcompensation is a key feature in the formation of polyelectrolyte multilayers.
When a negatively-charged substrate is in contact with polycations, the substrate surface will
become positive due to excess positive charges in the cationic polyelectrolyte. This phenomenon
is called charge overcompensation. Due to charge overcompensation, subsequent layers with
opposite charges can be formed. Otherwise, the fabrication process would stop. Rinsing the
membrane with water removes the weakly bound charged polyelectrolyte molecules and prevent
their bulk reaction with oppositely charged polyelectrolyte molecules during the adsorption
process [78,79]. The monolayer adsorption in the LbL self-assembly process is similar to the
normal adsorption process. At a low ionic strength of polyelectrolyte chains, slight charge
overcompensation can be provided by loops and tails in the polyelectrolyte. In contrast, strong
charge overcompensation occurs at a high ionic strength [80]. The structure of the multilayer

depends on the type, charge density, and molecular weights of the polyelectrolytes, and the process
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conditions such as the ionic strength and pH of the solutions. In addition, the type of substrate also
influences the structure of the deposited layer; however, its effect is generally limited only to the
first three to six layers [81].

This LbL assembly is time-consuming since one layer may take almost half an hour to
complete. Therefore, a procedure that decreases the preparation time of the polyelectrolyte
multilayer is needed. Efforts have been made to accelerate the multilayer coating process.
Applying a relatively dilute concentration of polyelectrolytes in the first few cycles of depositions,
followed by depositions with more-concentrated polyelectrolyte solutions, has been proposed by
Zhu et al. [12]. In addition to dip coating, a single-sided coating process has also been proposed to
improve membrane permeability. It was demonstrated that good permselectivity could be achieved
with less than ten cycles of deposition when this technique is used. The membrane performance

performed well in separating water from isopropanol; a permeate concentration of over 99 wt.%

water was achieved with a permeation flux of about 0.6 kg/(m2 h) at a feed concentration of 90%
IPA.

The growth of polyelectrolyte multilayers begins from the adsorption of the first layer on the
charged substrate. The thickness of layers may change with each deposition step during the
multilayer build-up. Linear growth of multilayer thickness is usually expected with an increase in
a number of layers [82—86]. It has also been reported that the polyelectrolyte layer grows
exponentially in thickness for the first few layers, followed by a linear growth [87]. Deposition
conditions influence the growth of polyelectrolyte multilayers in the LbL self-assembly, including
polyelectrolyte molecular weight [88], the pH of solution [89], charge density [79], polyelectrolyte

concentration [90] and temperature. Moreover, the electric field also has an impact on self-
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assembly [91-93]. The overall thickness of a polyelectrolyte film can be controlled by the number

of depositions.

2.6 Stability of LbL. membranes

The development of membranes with good performance and stability is a key research area in
membrane science. Membrane stability is the ability of a membrane to keep both permeability and
selectivity under desired operating conditions for a relatively long period of time. The chemical,
mechanical, and thermal stability of a membrane can be assessed. As mentioned, swelling is a
common phenomenon occurring in hydrophilic membranes during pervaporation [10]. Similar to
water, ethylene glycol, ethanol and isopropanol are also hydrophilic, and thus these organic
compounds may swell polyelectrolyte multilayers as well. Note that the hydrophilicity of a
membrane is not the only reason that causes membrane swelling in solvents. Swelling increases
the membrane permeability and decreases its selectivity, and if the membrane swelling is severe,
the membrane may become non-selective.

When polyelectrolyte membranes are in contact with aqueous solutions, membrane swelling
will occur because the polymer-polymer intermolecular forces are overcome by strong polymer-
solvent interactions that lead to membrane instability. However, if the polymer-polymer
intermolecular forces are high enough due to crosslinking, crystallinity, or strong hydrogen
bonding, then membrane swelling will not be significant. There are studies on the stability of LbL
membranes in different solvents. Carriére et al. [94] found that the swelling of poly(styrene
sulfonate)/ poly(allylamine hydrochloride) films was related to the top layer. The films swell 25%
less if the top layer deposited is poly(allylamine hydrochloride). Miller and Bruening [95] showed
that the thickness of a membrane with 10 double layers of poly(styrene sulfonate)/ poly(allylamine

hydrochloride) increased by 40% when immersed in a pH 6.3 buffer water solution, and the
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membrane thickness further increased when the membrane was soaked in a pH 10 buffer water
solution, due to membrane swelling. Degrees of membrane swelling as high as 800% have been
reported in the literature [96]. Crosslinking can be applied to improve the membrane stability. The
polymer chains are restricted when crosslinked, and the crosslinking often increases the selectivity
and decreases the permeation flux. The membrane becomes more compact with an increase in the
crosslinking density, and the polymer chains become more rigid. Therefore, the membrane is more
discretional to the permeation of penetrant molecules, which favors the selectivity of the
membrane, though the membrane permeability may be compromised [75]. Depending on the
polymers, various types of crosslinking agents can be applied, such as trimesoyle chloride, sulfuric

acid, glutaraldehyde, sulfosuccinic acid [97-100].

2.7 LbL deposition on polyamide substrate membrane

Many efforts have been made to prepare LbL membranes with a small number of deposition
bilayers and reasonable performance by use of a nonporous substrate. However, the membrane
permeability is decreased due to the high mass transport resistance in a nonporous substrate. Since
pervaporation process is based on a solution-diffusion mechanism, using a composite membrane
with an ultrathin active layer supported on a microporous substrate is preferred, to reduce the
number of polyelectrolyte bilayers and reach a high permeation flux [13]. Zhou et al. [15] showed
that the deposition of only a single layer of polyethyleneimine on the membrane surface enhanced
salt rejection without significantly lowering the membrane permeability when an interfacially
polymerized polyamide membrane was used as a substrate. In particular, the fouling resistance of
the membrane to cationic foulants was increased due to charge reversal on the membrane surface.
Xu et al. [13] used a TFC membrane based on the LbL self-assembly of polyethyleneimine and

poly(acrylic acid) on an interfacially polymerized polyamide membrane for the dehydration of
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ethylene glycol by pervaporation. The resulting membranes showed a good permselectivity and

separation factor.
Chlorination of polyamide membranes

The surface properties of most polymer-based membranes generally change when they are
exposed to hypochloric acid or sodium hypochlorite [101]. One of the main disadvantages of
polyamide membranes is their sensitivity to chlorine solutions even at low concentrations.
Impaired performance may result due to loss of structural integrity of constituent polymers. The
chlorine substituents on the amide nitrogen or aromatic rings may cause physical deformation or
cleavage at the amide linkage in the linear polymer chain [102]. The chlorine sensitivity of
polyamide membranes varies, depending on the type of the polymer structure and the pH of feed
water. A chlorine attack on amide nitrogen and aromatic rings leads to an increased passage of
both water and salt. When exposed to chlorine, the polyamide membrane is generally more
hydrophilic and has more negative zeta potential.

The N-chlorination of amide nitrogen includes the replacement of hydrogen by chlorine on
amide nitrogen and leads to N-chloroamide (step A in Fig. 2.8). The N-bonded chlorine atom can
be removed to provide molecular chlorine when exposed to further intramolecular Orton
rearrangement, which will then attack the aromatic ring through electrophilic substitution,
resulting in indirect ring chlorination (step B in Fig. 2.8). On the other hand, direct ring chlorination
appears when active (electrophilic) chlorine attacks the aromatic ring bonded to the N-H groups
of the amide linkages. In addition, the end amine groups are vulnerable to oxidation as well, due

to their high reactivity [14,77,78].
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Figure 2.8  Chlorination mechanisms of the fully aromatic polyamide membranes: (A) N-
chlorination; (A) and (B) ring chlorination by Orton rearrangement; (C) direct ring chlorination
[13,103,104].

Excessive chlorination can damage membranes severely. Xu et al. [13] fabricated a
polyamide/chitosan (PA/CS) TFC membrane for desalination by RO; They then applied chlorine
treatment using a dilute sodium hypochlorite solution to modify the surface of the commercial
polyamide membrane followed by chitosan deposition. Chlorination makes the membrane surface
more hydrophilic, with higher negative zeta potentials. Hegab et al. [18] modified the surface of
commercial TFC RO membranes using graphene oxide (GO) functionalized chitosan (GO/{-CS)
to improve their antifouling properties. The membranes were treated with 200 ppm of sodium
hypochlorite to increase the free negatively charged carboxylic groups on the membrane surface

before being coated with a GO/f-CS solution. Their results showed the GO/f-CS/polyamide
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membranes have superior performance compared to the unmodified polyamide membrane in terms

of hydrophilicity, water flux, NaCl rejection, and antifouling properties.

2.8 Graphene oxide

Graphene oxide (GO) nanosheets, prepared by chemical oxidation and ultrasonic exfoliation
of graphite flakes, have great potential as building blocks for the fabrication of inexpensive yet
high-performance water purification membranes [105]. Fig. 2.9 shows the chemical structure of
GO, assumed to be one-atom thick and arranged in a honeycomb lattice bearing abundant
oxygenated functional groups (i.e., carboxyl, hydroxyl, epoxy groups) [106]. The mechanical and
electrical properties make GO an ideal material for making high performance membranes for water

separation [17,18,107-109].

Figure 2.9  Schematic structure of GO.

GO has long been known hydrophilic because it can simply disperse in water; however, some
research based on molecular dynamics simulations showed that GO nanosheets may be
amphiphilic [110-113]. It is described that the ionizable edges of GO are hydrophilic and its basal
plane contains unoxidized graphitic regions. The amphiphilicity of GO depends on pH, nanosheet

size and degree of reduction. Therefore, smaller nanosheets are usually more hydrophilic due to a
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higher ratio of edge to basal plane. The size of hydrophobic basal plane can be adjusted by
reduction of GO (rGO) at different degrees or removal of oxygen-containing functional groups.
The hydrophilicity of GO nanosheets increases with higher pH, smaller size and a lower degree of
reduction [110] GO nanosheets have been frequently applied for preparing hydrophilic
membranes, whereas rGO has been used in hydrophobic (or less hydrophilic) membranes. Kim et
al. [114] reported that one way to study the nature of GO is to observe how it reacts with oil/water
and air/water interfaces. To prepare less/more hydrophilic GO, oxygenated functional groups on
the edges (or maybe plane) can be manipulated [115]. More research is needed to have a better

understanding of the properties of GO.

Assembling GO nanosheets on TFC membrane surfaces

There are two possible approaches to assembling GO nanosheets on the polyamide TFC
membrane surface: 1) covalent-bonding using amide coupling to connect the carboxylic groups of
GO nanosheets with the carboxylic groups of the polyamide TFC membrane, and 2) LbL self-
assembly. Since GO nanosheets are extremely hydrophilic, LbL. membranes prepared with GO are
highly susceptible to dispersion in an aqueous environment. Unbonded GO layers can be easily
spoiled with a gentle touch or detached from the membrane support by water rinsing; therefore,
such a membrane is unable to survive cross-flow testing conditions [108]. To resolve this problem,
GO layers must be bonded firmly to each other, and the outermost layer must be strongly connected
to the support substrate. One approach is to form covalent bonding between GO layers by using
proper cross-linkers such as trimesoyl chloride (TMC). Another promising approach is to bond
stacked GO nanosheets through electrostatic interaction, which facilitates reactions and uses a

lower amount of organic solvent, and reduces the quantity of by-products [17]. GO nanosheets are
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negatively charged due to ionization of carboxylate groups in water, and the hydrophilicity and
electrostatic repulsion cause the dispersion of GO at the individual sheet level in water
[18,107,109]. These features make GO suitable for use in LbL self-assembly membranes for the
dehydration of organic solvents via pervaporation due to the high selectivity of water [116]. The
nanosheets can be considered as polyanions and electrostatically bound to positively charged
polyelectrolytes.

Hu and Mi [17] reported that a GO membrane could be successfully prepared by the LbL
assembly of negatively charged GO nanosheets and positively charged poly(allylamine
hydrochloride) (PAH) on both sides of a charged porous poly(acrylonitrile)(PAN) support via
electrostatic interaction; Fig. 2.10 is a schematic of the LbL assembly of GO membranes. The
authors showed that each GO-PAH bilayer in the membrane is around 16.5 nm thick and
dominated by GO (the mass of GO is 2—5 times higher than that of PAH), indicating multiple
layers of GO nanosheets exist in each bilayer. They were able to design a high-performance
forward osmosis (FO)/ pressure retarded osmosis (PRO) membrane with a water permeability one

order of magnitude higher than a commercial FO membrane.
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Figure 2. 10 Schematic diagram of LbL assembly of a GO membrane by alternately soaking an
hPAN support substrate in 1 g/L PAH (pH 4) solution and in 1 g/LL GO solution (pH 4) to deposit
a prescribed number of GO-PAH bilayers on both sides of hPAN [17].

38



Zhao et al. [117] reported that the LbL self-assembly of GO and PEI on the surface of
polyethylene terephthalate (PET) film showed excellent barrier performance to hydrogen gas.
They investigated the effects of the pH of PEI solutions on the performance of the PEI/GO LbL
film. The GO nanosheets adsorbed on the substrate were found to have the most uniform and dense
structure when the pH of PEI and GO solutions was 3.5, with a thickness of 3.45 nm per bilayer.
Yang et al. [118] also studied the LbL deposition of branched PEI and GO on a PET surface to
investigate the oxygen barrier of these thin film assemblies, as shown in Fig. 2.11. On average,
0.01 and 0.05 wt.% concentrations of GO have a thickness of 4.3 and 5.0 nm per PEI/GO bilayer,
respectively. They also mentioned that charge overcompensation could be achieved by using a

high GO suspension concentration.

Substrate Branched polyethylenimine (PEl)

N NN

, ~ ~ / PN ~ N N
AN NN NN NN
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Figure 2. 11  Schematic diagram of preparing PEI-GO bilayers via the LbL self-assembly [118].



Chen et al. [107] investigated LbL film assemblies of positively charged branched PEI and
negatively charged GO on a UV/ozone treated PET surface as the support to fabricate gas barrier
films. Their results indicated that each bilayer contains the same amount of GO, so the multilayer
film growth is regular and uniform. They showed that at a pH of 3.5, the electrostatic force between
the branched PEI and the GO is strong due to the high amount of deposition. The LbL self-
assembly exhibited the best barrier properties. Zhao et al. [109] fabricated ultrathin multilayer
(PVA/GO), films driven by hydrogen bonding interaction through the LbL assembly of poly(vinyl
alcohol) (PVA) and exfoliated GO on quartz glass slides. The mechanical properties of the
membranes were improved by assemblies of GO nanosheets in the polymer matrices, and a
thickness of 3 nm per bilayer of PVA/GO was observed. Choi et al. [119] studied the coating of
GO multilayers on the surface of TFC polyamide RO membrane via LbL deposition of oppositely
charged GO nanosheets to improve membrane antifouling and chlorine resistance. Interestingly,
the membrane performance after GO surface coating (regardless of the number of GO bilayers)
remained unchanged within the measurement errors. Multilayered GO coating strongly affected
the membrane antifouling performance. It was noted that a polyamide membrane with ten bilayers
of GO/aminated-GO showed a lower degree of final flux reduction (~15%) after filtration for 12
h with an aqueous solution of bovine serum albumin (BSA) (100 mg/L) than that of a pristine PA
membrane (~34%). Wang et al. [16] modified GO by PEI under sonication conditions. The
positively charged PEI-modified GO and negatively charged polyacrylic acid was sequentially
assembled on the hydrolyzed PAN substrate through electrostatic interaction. The LbL. membrane
was immersed in a polyvinyl alcohol solution and cross-linked with glutaraldehyde to obtain a
defect-free layer for the pervaporation dehydration of different solvent-water mixtures. Hu and Mi

[16] deposited GO nanosheets via LbL assembly on polydopamine-coated polysulfone support and
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then cross-linked them by TMC. They reported that the flux of the GO membrane was about 4-10

times higher than that of most commercial NF membranes.
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Chapter 3

Layer-by-layer assembly of polyethyleneimine/graphene oxide membranes for

desalination of high-salinity water via pervaporation

3.1 Introduction

In recent years, worldwide demand for safe and fresh water has significantly increased due to
population growth, industrial application, urban development, climate change, and contamination
of available fresh water resources [1,67]. As a result, new sources of water are required.
Desalination and water reuse have been applied to improve the fresh water supply beyond what is
accessible from the hydrologic cycle [120,121]. Reverse osmosis (RO), a currently
commercialized membrane-based technology, has been commonly exploited in the desalination of
seawater. However, RO has been facing challenges stemming from its high fouling propensity
(scaling), low water flux per unit of pressure applied, and low water recovery from sea-water
desalination (35-55%). As a result, RO produces large volumes of concentrated brine as a by-
product. Moreover, a high hydraulic pressure must be applied for water permeation through the
RO membrane [120,122,123]. Membrane distillation (MD) is an alternative separation process
which can be applied for desalination of high-salinity water [5,124] and has the potential for

complete salt rejection. However, there are two major challenges of MD: membrane wetting and
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membrane fouling due to the poor long term hydrophobicity of the membranes [125,126]. The
deposition of such foulant as salt crystals on the membrane surface decreases the hydrophobicity
of a membrane and results in increased membrane wetting [ 127—130]. Moreover, the current cost
of fresh water production via MD is considered to be higher than that of RO [131].

To achieve high water recovery, pervaporation has been studied as an alternative in treating
high-salinity water [34,50]. Pervaporation is effective for treating azeotropic mixtures,
dehydration of organic solvents, and removal of organic compounds from contaminated water [4].
However, not much work has been done on the application of pervaporation for desalination of
high salinity water. In pervaporation, the liquid feed mixture is in contact with the upstream side
of the membrane, while the permeate side is kept at a low pressure by applying a vacuum or a flow
of air to generate the driving force for mass transfer from the feed side of the membrane to the
permeate side. The solution-diffusion model, the major transport mechanism of pervaporation,
involves three consecutive steps: sorption of the penetrant from the feed liquid into the membrane,
diffusion of the penetrant across the membrane, and desorption of the penetrant from the
membrane to the vapor phase at the permeate side [4,132]. Desalination by pervaporation has
advantages over RO and MD: Pervaporation is not operated under high pressure, no heavy piping
and pumping are required. It is more fouling resistant than RO, with almost 100% rejection of ions
and other non-volatile compounds [123,125,131]. In addition, pervaporation can be operated using
various renewable energy sources - waste, solar, or geothermal [5,46]. In addition to solvent
dehydration, pervaporation is deemed to have the potential for desalination of high salinity water
such as industrial wastewater and concentrated RO brine [40,46,48].

To deploy appropriate membranes for desalination by pervaporation, the chemical properties

and material selection of the membrane must be considered. Polymeric membranes with well-

43



defined nanostructures show high selectivity and permeability, as well as such other properties as
antifouling and resistances to photodegradation and bacterial. Consequently, using nanomaterials
has been regarded as one of the best potential approaches to developing high-performance
membranes and relieving stresses on water supply [133]. Carbon-based two-dimensional
nanomaterials have been of particular interest for the development of efficient membranes for
water purification. Among the various nanomaterials, graphene oxide (GO) is mainly used in
developing membranes for treating saltwater, including seawater, brackish water, and reverse
osmosis concentrate [106,134]. GO is a nanosheet of carbon atoms tightly packed in a honeycomb
lattice bearing a large number of oxygen-rich functional groups (i.e., carboxyl, hydroxyl, epoxide,
and carbonyl groups).

Liang et al investigated GO/PAN composite membranes for desalination of water via
pervaporation and these membranes showed improved performance in treating high-salinity water
[50]. The existence of GO in the membranes induced remarkable properties due to its intrinsic
hydrophilicity, compatibility with the polymeric matrices, large negative zeta potential, and
mechanical and thermal stabilities [135-139]. Water molecules can permeate the 2-D planar
interconnected nanochannels formed between the stacked GO nanosheets, molecular-simulations
predict a fast flow of water through GO membranes with near-zero friction results from the
capillary-driven force formed by planar graphene nanosheets [140,141]. However, GO nanosheets
are very hydrophilic, and unbonded GO layers can be peeled off and detached from the membrane
support, especially in crossflow testing conditions [108]. Thus, to make GO-based membranes
practical for water application requires sufficient bonding of the GO nanosheets to retain
membrane integrity. One promising approach is to bond firmly stacked GO nanosheets via

electrostatic interactions using layer-by-layer (LbL) self-assembly [17]. As the surfaces of GO
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nanosheets are negatively charged once dispersed in water due to the carboxyl and hydroxyl groups
[138], they can electrostatically bind to polycations such as polyethyleneimine (PEI) and
poly(allylamine hydrochloride) (PAH) [17,142]. Recently, the LbL method has been applied for
assembling oppositely charged polyelectrolytes to modify membranes used in nanofiltration (NF)
[142], RO [143], forward osmosis (FO) [17] and solvent dehydration by pervaporation [144,145].
These membranes are environmentally friendly as all the assembly is achieved in aqueous
solutions, whereas traditional membrane synthesis often involves the use of organic solvents [17].
Additionally, the thickness of a bilayer can be controlled by varying the assembly conditions [146].
The GO incorporated LbL. membranes represent a new generation of ultrathin, high-flux, energy-
efficient membranes for water-purification applications [147].

Interfacially polymerized thin-film composite (TFC) polyamide membrane has recently been
used as a substrate in LbL self-assembly since it holds negative surface charges owing to the
presence of carboxyl groups [143,145,148]. Membranes of this type have generally been studied
for water desalination by NF and RO, and they have also shown great potential for pervaporation
applications [145,149]. The main advantage of using TFC polyamide membranes as a substrate is
that the number of polyelectrolyte layers needed to form permselective membranes can be reduced
due to its ultrathin but relatively dense skin layer. However, the permeability of the resulting
membrane is compromised due to its large mass transport resistance [143,145]. This issue can be
addressed by modification of the membrane surface. Zhou et al. modified the surface of a
polyamide TFC membrane by electrostatic deposition of only one layer of PEI, and improved
antifouling properties, surface hydrophilicity, and salt rejection were achieved [148].

In the present study, we aimed to design and fabricate an LbL self-assembled membrane by

using oppositely charged PEI and GO on top of a chlorine-treated polyamide TFC membrane for
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pervaporative desalination of high-salinity water. The substrate was initially surface modified by
chlorine treatment to improve the permeation flux of the resulting membrane. The amide bonds
are sensitive to chlorine attack, and the extreme exposure to chlorine degrades the thin active
polyamide layer of the TFC membrane due to cleavage of the amide-bonds and Orton transition
[150]. Controlled chlorination with a dilute hypochlorite solution makes the membrane surface
more hydrophilic and negatively charged without damaging the membrane structure, which favors
subsequent electrostatic adsorption of polycations [151]. Xu et al. modified a polyamide TFC
membrane surface by chlorine treatment, followed by deposition of supramolecular chitosan, and
the resulting membrane showed a permeation flux of 57.7 L/(m2 h) and a salt rejection of 95.4 %
by RO for a feed NaCl concentration of 1500 mg/L at 0.8 MPa [143]. To our knowledge, only a
few publications have explored the use of the LbL assemblies for pervaporation membranes, and
the present study uses PEI and GO for self-assembly on top of chlorine-treated polyamide TFC
membrane for pervaporative desalination of high-salinity water. For this purpose, NaCl, Na,SO,,
MgCl, and MgSO, were used as model solutes. The effects of feed salt concentration and

temperature on the pervaporation performance were evaluated.

3.2Experimental
3.2.1 Materials

Graphite flakes were obtained from Alfa Aesar Chemical Manufacturing Company and used
to synthesize GO. To oxidize graphite into GO, potassium permanganate (KMnQO4,>99% Merck),
phosphoric acid (H3POa, 85% solution in water, Acros), hydrogen peroxide 30% (H20., 30%) and
sulfuric acid (H2SO4, 95-98%), (both from Sigma-Aldrich) were used. Hydrochloric acid (HCI,

37%, Merck), ethanol (Sigma-Aldrich) and De-ionized (DI) water were used for rinsing the
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synthesized GO. A commercially available thin-film composite polyamide membrane with non-
woven fabric support produced by interfacial polymerization (supplied by GE water) was used as
a substrate. Branched polyethylenimine, (PEIL, average My, ~ 25,000, Sigma-Aldrich) was used as
a polycation. Inorganic salts, including magnesium chloride (MgCl,, J.T Baker Chemical
Company), magnesium sulfate (MgSO,, BDH Chemicals Ltd), sodium sulfate (Na,SO,, McArthur
Chemical Co.) and sodium chloride (NaCl, EMD Chemical, Inc) were used in preparing feed
solutions to simulate high-salinity water with which to determine the performance of
pervaporation. A commercially available sodium hypochlorite solution (NaClO, 14.5% available
chlorine, BDH Chemicals) was used for chlorine treatment of the TFC polyamide membrane.
Deionized water (DI) water with a conductivity of less than 2 pus/cm (at 25 °C) was used throughout

the study.

3.2.2 Chlorine treatment of polyamide membrane

It is well known that aromatic polyamide membranes are sensitive to chlorine attack. Thus, the
polyamide TFC membrane was chlorine-treated in a controlled manner so that its dense skin layer
became thinner and less compact without compromising the membrane integrity and its underlying
porous layer [152]. Therefore, to avoid polyamide TFC membrane deterioration and improve its
performance, chlorination was performed at moderate conditions. In this study, after rinsing with
DI water, a TFC polyamide membrane was exposed to 6000 ppm chlorine solution for 2 h at room
temperature. After chlorination treatment, the membrane was again thoroughly washed with DI
water until the hypochlorite residue was completely removed from the membrane surface before

subsequent deposition of polycation.
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3.2.3 GO preparation and characterization

GO nanosheets were synthesized from graphite powder following an improved method. That
provides a higher amount of hydrophilic oxidized graphene materials with fewer defects in the
basal plane as compared to GO prepared by the original Hummers’ method [153,154]. In short, 3
g of graphite flakes and 18 g of KMnO4 were gradually added to an acid mixture composed of 360
mL of HoSO4 and 40 mL of H3PO4 under stirring condition. The reaction was then conducted at
50°C for 16 h. After the mixture was cooled to room temperature and poured in 400 mL of ice-
water, 3 mL of H,O> was added, causing a color change from dark purple to golden. The mixture
was first centrifuged at 3500 RPM to decant away large aggregates and supernatant. Then, the
remaining solid materials were washed with 10% HCI (2x) and ethanol (4x) solutions,
respectively. For each washing step, the materials were centrifuged to remove the supernatant
[153]. The resulting uniform and brown GO solution was used as an anionic solution in the self-
assembly for membrane formation.

The X-Ray Diffraction (XRD) pattern of the GO nanosheets and the membranes were attained
with an X-ray diffractometer (Bruker D8 Focus), scanned over a 20 range of 5°-70° for GO and
5°-35° for the membranes, with a step increment of 0.1° and a count time of 3 sec/step. To confirm
the existence of oxygen-containing groups on the prepared GO nanosheets, Fourier Transform
Infrared spectrum of GO was obtained using a Nicolet 6700 FTIR spectroscopy from Thermo
Electron Corporation in the wavelength range of 500 to 4000 cm™1. The chemical structures of the
membranes were also investigated using an attenuated total reflectance (ATR) technique with a
spectrometer (Bruker, Tensor 27) in the range of 4000-500 cm™!. The surface hydrophilicity of
membranes was measured by conducting static contact angle measurement with a contact angle

goniometer (VCA 2500 XE, AST Products) at room temperature. The average contact angle value
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of five arbitrary locations was reported for each membrane sample (for an average water droplet
size of 2 puL). The surface morphology and roughness of the membranes were characterized using

a tapping mode atomic force microscopy (AFM) (Bruker Innova, USA).

3.2.4 Fabrication of GO-PEI LbL membranes

Fig 3.1 illustrates the step-by-step procedure to deposit PEI and GO on the negatively charged
chlorine-treated polyamide TFC membrane via the LbL approach. The concentration of the
polyelectrolyte solution and deposition time of the polyelectrolyte are two important factors in
preparing LbL membranes as they affect the amount of the polyelectrolyte adsorbed on the
membrane surface [155,156]. Different deposition times and polyelectrolyte concentrations have
been used in the literature to prepare LbL membranes. Sun et al. [157] showed that at a given
polyelectrolyte concentration, increasing the polyelectrolyte deposition time increased salt
rejection while decreased water permeation flux. However, beyond 1 h of polyelectrolyte
deposition had little influence on the membrane performance as the adsorption of polyelectrolyte
was allowed to reach equilibrium. Zhang et al. [158] also determined that the deposition time of 1
h was sufficient to form uniform polyelectrolyte layers on the polyamide substrate for preparing
pervaporation membranes. They further showed that the polyelectrolyte macromolecules (i.e.,
PEI) at a medium concentration of 0.02 monomol/L. have more chance to interact with the
oppositely charged polyelectrolyte. Typically, the concentration of polyelectrolytes for LbL
membranes is below 0.2 wt% to form ladder-like structures [11]. According to Wang et al.[159],
GO formed voids and agglomeration at high concentrations of GO (more than 100 mg/L), while
GO could not fully cover the PEI layer at low concentrations (lower than 100 mg/L). Therefore,
in the present study, the GO solution was diluted to 100 mg/L for the fabrication of the GO layer,

and the concentration of PEI solution was 0.02 monomol/L. As the conditions of polyelectrolyte
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deposition (e.g., the concentrations, deposition time, temperature and pH) were not optimized, the
separation performance obtained with the PEI/GO LbL membranes does not represent the best
membrane performance that could be reached. The chlorine-treated substrate was initially soaked
in DI water overnight to remove sodium hypochlorite residue, and then it was mounted in a
stainless steel membrane cell. To build up one PEI/GO bilayer, the chlorine-treated substrate was
brought into contact with: (a) a positively charged PEI solution (0.02 monomol/L, 1 h, 25°C ), (b)
DI water (30 min, 25°C), (c) a negatively charged GO solution (100 ppm, 1h, 25°C), and (d) DI
water (30 min, 25°C), consecutively. For convenience of discussion, the term ‘PEI/GO LbL’ was
used throughout this study to refer to the resultant membrane. All the depositions were
accomplished in a single-sided surface deposition approach. The average total thickness of the dry
membranes (the bilayer plus TFC polyamide substrate) used in this study was 127 um, as measured

at different points using a digital micrometer.
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Figure 3.1  Schematic diagram for the LbL assembly of PEI/GO membranes (one bilayer).
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3.2.5 Evaluation of the pervaporation performance

The desalination experiments were conducted using a laboratory-scale pervaporation set-up,
shown schematically in Fig 3.2. The as-prepared membrane with an effective surface area of 17.4
cm? was placed in the pervaporation apparatus. The pre-heated feed solution was pumped from the
feed tank to the membrane surface, and the retentate was circulated back to the feed tank. The
downstream pressure was maintained below 1.7 kPa absolute using a vacuum pump. The permeate
was condensed and collected at specific time intervals in a cold glass trap immersed in liquid
nitrogen. The pervaporation desalination performance of the GO/PEI LbL membrane was
characterized by water flux (J) and salt rejection (R) under steady-state conditions, which were
generally reached in about 1 h. The water flux was determined by evaluating the weight (Q) of

permeate collected over a specific period of time (¢) through a membrane with an effective area

(A):

J== (3.1

The salt rejection was determined as follows:

_ (€r=Cp)
=~

R x 100% (3.2)

where Crand C,, are the salt concentrations in the feed and permeate, respectively [160].
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Figure 3.2  Schematic diagram of the pervaporation set-up.

A feed temperature in the range of 22-65°C was maintained using a thermal bath. The salt
concentrations were in a range of 2-20 wt%, to represent saline water. A conductivity meter (WTW
inoLab Cond Level 2) was used to determine the salt concentrations of feed and permeate
solutions. Water removed by the membrane was compensated for by adding the same amount of
water into the feed to maintain a constant composition during each experimental test. Note that no
salt precipitation or crystallization on the permeate side of the LbL membrane was detected
throughout the entire experiment. After completion of a pervaporation run for each salt, the
membrane was rinsed by flushing DI water on the feed side for 1 h to wash away any salt from its

surface, followed by pervaporation with pure water for 1 h.

53



Intensity, a.u.

3.3 Results and discussion
3.3.1 Characteristics of GO

Fig 3.3 presents the results for the characterization of GO with XRD and FTIR. Fig 3.3(a)
shows the spectrum of GO with a typical diffraction peak at 20=10.7° with the d spacing value of
0.8 nm. This result is in agreement with those reported elsewhere [153,161]. Fig 3.3(b) presents
the FTIR spectrum of the GO nanosheets associated with different functional groups. The results
confirm that the characteristics peaks of GO with the presence of —OH stretching in hydroxyl

1

groups at 3253 cm™!, C=0 stretching vibration in carboxyl groups at 1738 cm™?, unoxidized sp?

aromatic C=C bonds at cm™! 1620, the bending vibration of C-OH at 1418 cm™?!, and the

stretching vibration of C—O in epoxy and alkoxy groups at 1220 and 1085 cm™?!

, respectively. The
presence of polar functional groups, especially the —OH functional groups, results in the

hydrophilic nature of GO [50,161].
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Figure 3. 3 a) XRD and b) FTIR spectra of GO nanosheets.
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3.3.2 Polyamide membrane surface modification
3.3.2.1 Chlorination of polyamide membranes

Fig 3.4 shows the performance of the pristine polyamide membrane for pervaporative
desalination of 20 wt.% NaCl feed solution before and after treatment with NaClO at different

concentrations for 2 h.
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Figure 3.4  Effects of NaClO concentration on the permeation flux and salt rejection of TFC
polyamide membranes; Experimental conditions: Chlorine treatment 2h and room temperature
(22°C). Pervaporation operating condition: feed NaCl concentration 20 wt% and room
temperature. Data points show mean + standard deviation (SD) for n = 5 replicate runs.

The original TFC polyamide membrane without chlorine treatment showed a permeation flux
of 441 g/(m? h) and a salt rejection of 97.8%. After treatment with NaClO at 6000 ppm for 2 h,
the permeation flux was almost tripled, while the salt rejection decreased by about 2 %. Such a
chlorine-treated polyamide membrane with relatively low permeation resistance is considered to

be a favorable substrate for the deposition of polyelectrolytes. Chlorine attack at a higher dosage
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of NaClO would penetrate the membrane interior and degrade the polyamide layer by opening up
the pores, causing a remarkable reduction in salt rejection. The chlorination of polyamide
membranes lowered their resistance to mass transport, resulting in higher permeation fluxes and
lower salt rejections. The pervaporation data reported in Fig 3.4 (at each NaClO concentration)
represent the average of five measurements (n=5) under identical conditions and the experimental
errors in the flux were less than 11% at a NaClO concentration up to 6000 ppm. At higher NaClO
concentrations, the experimental error increased up to 17%, presumably due to degradation of
membrane surface after additional chlorination. The experimental errors in salt rejection were less
than 1%. Before the deposition of polyelectrolytes, the reproducibility of the chlorinated TFC
polyamide membrane was checked. TFC polyamide membranes were treated with NaClO at 6000

ppm for 2 h for several times and tested under identical conditions.

3.3.2.2 LbL self-assembly

Attempts were made to improve the pervaporation performance using an LbL self-assembly
approach. Fig 3.5(a) shows the pure water flux of chlorine-treated TFC polyamide membrane at
various operating temperatures after deposition of PEI and GO layers. The pure water fluxes of
the original and chlorine-treated TFC polyamide membranes are also presented for comparison.
The salt rejection of the PEI/GO LbL membrane was increased to over 99.99% at all salt
concentrations in the feed studied. The water flux did not significantly decrease after deposition
of PEI/GO bilayer, suggesting the PEI and GO formed a very thin layer through the LbL self-
assembly. Moreover, both PEI and GO are hydrophilic, and the tortuous nanochannels between
the well-stacked GO nanosheets can be considered as a pathway for water molecules, and the GO
inter-sheet spacing determines the selectivity of the membrane [34,50,162,163]. To confirm the

hydrophilicity of the membranes, the contact angles of water on the surfaces of the original
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polyamide and GO/PEI LbL membranes were measured (Fig 3.5(b)). The contact angle of the
polyamide substrate tended to decrease from 33.2° to around 27° after chlorine treatment and
deposition with the PEI/GO bilayer. Baskoro et al. deposited GO onto the top surface of a porous
polyvinylidene fluoride-poly acrylic acid (PVDF-PAA) layer to form a dense ultrathin separation
layer, and they also showed that a thin GO layer could improve the membrane performance
compared with a GO-free membrane [135]. Fig 3.5(c) shows the XRD patterns of original TFC
polyamide, chlorine-treated TFC polyamide, and GO/PEI LbL membranes. It can be observed that
all these membranes displayed three diffraction peaks at 20 ~ 17.9, 22.9 and 26.1°, related to d
spacing values of 0.48, 0.39 and 0.34 nm, respectively. Similar observations have been reported
by Ali et al. [164]. The peaks of the chlorine-treated TFC membrane were the same as the original
TFC polyamide membrane, showing that the polyamide membrane maintained its structure after
chlorine treatment. The 26 value observed at 12.6° in PEI/GO LbL membrane showed that PEI
was successfully attached to the GO layers. Moreover, it showed a decrease in the spacing between
GO layers with the addition of PEI (decreasing from 0.8 to 0.7 nm). This decrease in d scaping
value may be attributed to the ionic crosslinking between GO and PEI, forming closer stacking

structure [165].
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Figure 3.5  (a) The pure water flux of the original and chlorine-treated TFC polyamide
membrane and GO/PEI LbL membranes at various temperature, (b) the contact angles of water on
the surfaces of TFC polyamide and PEI/GO LbL membranes, and (c) XRD patterns of TFC
polyamide, chlorine-treated TFC polyamide and GO/PEI LbL membranes.
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Fig 3.6 shows the ATR-FTIR spectra of pristine TFC polyamide, chlorine-treated polyamide
and PEI/GO LbL membranes. The characteristic peaks at 1544, 1598, 1660 and 3363 c¢cm ! were
attributed to N-H in-plane bending (amide II), C=C ring stretching, C=0 stretching (amide I) and
N-H stretching (amide II), respectively [166,167]. After chlorination, the intensities of the peaks
at 1544, 1598 and 3363 cm™ ! decreased, which shows that hydrogens in amide and aromatic ring
were replaced by chlorine [168]. The broad peak at ~3363 ¢cm™ ! was intensified in the PEI/GO
LbL membrane compared to that for chlorinated polyamide substrate. It can be assigned to the
stretching vibrations of O-H in GO and N-H stretching (amide II) in PEI [119], showing assembly
of GO nanosheets on the PEI layer. It has been reported that the intensity of this peak increases
when increasing the amount of GO on the surface layer or increasing the number of GO/PEI
bilayers [169]. The intensity of N-H bend also increased at ~ 1544 ¢cm™ ! due to assembling of PEI

in the bilayer [142,159].
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Figure 3.6  ATR-FTIR spectra of (a) pristine TFC polyamide , (b) chlorine-treated polyamide
and (c¢) PEI/GO LbL membranes.
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Fig 3.7 shows the 3-D and 2-D AFM images of the surface morphology of the original
polyamide and PEI/GO LbL membranes. The bright and dark regions are peaks and valleys,
respectively [170]. The values of mean roughness (Ra) tend to decline after the deposition of PEI
and GO on the membrane surface. The Ra values of the original polyamide membrane and PEI/GO
LbL membranes are 61.1nm to 50.6nm, respectively. The smaller Ra value of the LbL. membrane
might be attributed to the coverage of modified TFC polyamide membrane surface with PEI and
GO, resulting in the denser structure of the membrane. Moreover, it shows the formation of the

bilayer on the substrate.
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Figure 3.7  3-D and 2-D AFM images of the (a) original TFC polyamide membrane and (b)
PEI/GO LbL membrane, (scanned area: 5 pm x 5 um).
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3.3.3 Pervaporative desalination with the LbL. membrane

The pervaporation desalination performance of the LbL. membrane was tested at different feed
solution salt concentrations and temperatures. In this work, the rejection of salts (NaCl, Na,SO,,
MgS0,, MgCl,) remained high (~99.9%) regardless of the difference in the operating conditions.
One reason for a high salt rejection in the pervaporation process is the non-volatility of the salts
which prevents them from entering the vapor phase on the permeate side. However, the operating
conditions have substantial effects on the permeability of water. Water molecules, the major
component of the feed solution, are favorably sorbed in and diffused through the membrane,
because of the affinity of PEI and GO to water that helps form hydrogen bonds [34,50]. The effects

of operating conditions on water flux will be discussed in more details in the following.

3.3.3.1 The effects of feed temperature

The effects of feed temperature on the pervaporation desalination performance of the PEI/GO
LbL membrane was presented in Fig 3.8. The operating temperature is a major factor in the
pervaporation process as it affects both the solubility and diffusivity of the permeating species
through the membrane as well as the driving force for permeation [171]. The water flux increased
with an increase in temperature at all feed concentrations. Water fluxes of 13.7 kg/(m? h) and 8.4
kg/(m? h) were achieved for feed NaCl concentration of 2 wt% and 20 wt%, respectively, at 65°C.
The partial vapor pressure difference between the feed and permeate is considered to be the driving
force. At higher operating temperatures, the water vapor pressure on the feed side increases almost
exponentially as predicted based on the Clausius Clapeyron equation. Therefore, at a given vacuum
applied to the permeate side of the membrane, a higher driving force and water flux were obtained.
Based on the Eyring theory, diffusion occurs when a molecule has enough energy to prevail over

a potential barrier and reach a new equilibrium state. Increasing the feed temperature provokes the
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motion of the polymer chains and speeds up the diffusion and transport of water molecules in the
membrane [34]. Therefore, water molecules are able to diffuse into the free volume of the polymer
matrix more easily, creating a higher water flux [172]. As shown in Fig 3.8, water flux through the
membrane is also affected by the salts present in the feed. Though no salts were detected in the
permeate, the salt molecules may enter the membrane. The diffusion coefficients in polymers are
sensitive to penetrant size and shape [173]. Therefore, as a rule of thumb, when the size of salt
molecules decreases, its rate of diffusion increases. Because they are not volatile, they can hardly

enter the vapor phase.
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Figure 3.8  The effects of feed temperature on water permeation fluxes.
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The overall temperature dependence of the water permeation flux for pervaporation follows an

Arrhenius type of relationship [34,171].

J =Joexp(—32)

(3.3)

where ], is the pre-exponential factor, R is the gas constant, T is the absolute temperature, and E;

is the apparent activation energy for permeation. The Arrhenius plots for the permeation of water

through the PEI/GO LbL membrane for the salt-water systems at various feed salt concentrations

are presented in Fig 3.9, where the water fluxes showed a linear relationship with the reciprocal

the absolute temperature.
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Figure 3.9  Arrhenius plot of the water permeation fluxes for various salt concentrations.
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The activation energies for water permeation, E), through the membrane is presented in Table
3.1. The positive value of E; indicates that water flux has a positive correlation with temperature.
The E; values increased as the feed salt concentration increased from 2.0 to 20.0 wt%, and there
was no significant difference in E; for water permeation of the four different salt solutions. At a
higher feed water concentration, the activation energy was tended to be lower due to the swelling
effect of the membrane, which can considerably increase the free volume and water molecule
diffusion [34]. In general, the relatively low apparent activation energy can be ascribed to the
unique structure of GO that allows water molecules to diffuse through the spaces between
nanosheets, and the hydrophilic nature of PEIL. On the other hand, Jiraratananon et al. reported that

water clustering lessens at higher temperatures, resulting in higher water permeation [174].

Table 3. 1 Activation energies for water permeation from salt solutions at different
concentrations.

E; (kI/mol)  E, (kJ/mol)  E; -E, (ki/mol)  AHy * (kJ/mol)

Water  37.00 -3.29 40.29 40.71
NaCl
2% 37.67 -2.65 40.32 40.68
5% 37.15 -3.14 40.29 40.66
10%  38.60 -1.69 40.29 40.64
15%  39.61 -0.68 40.28 40.61
20%  39.67 -0.62 40.29 40.58
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E; (kJ/mol)

E,, (kJ/mol)

E; - E, (ki/mol)

AHy, * (kJ/mol)

Na,SO,

2%

5%

10%

15%

20%

MgCl,

2%

5%

10%

15%

20%

MgSO,

2%

5%

10%

15%

20%

35.03

35.04

40.3

40.4

40.4

34.71

35.46

43.30

45.40

44.94

34.33

35.11

41.01

42.12

43.77

-5.25

-5.24

0.017

0.12

0.12

-5.57

-4.82

3.01

5.10

4.64

-5.96

-5.18

0.73

1.83

3.50

40.28

40.28

40.28

40.28

40.28

40.28

40.28

40.29

40.30

40.30

40.29

40.29

40.28

40.29

40.27

40.71

40.70

40.69

40.68

40.67

40.70

40.69

40.68

40.66

40.64

40.70

40.70

40.69

40.67

40.66

* Heat of vaporization of water determined with ASPEN.
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To investigate the effects of temperature on the membrane permeability, the permeance of the
membrane (P/[) to water permeation was calculated using a permeation flux normalized by the
driving force for permeation, which also normally follows an Arrhenius type of temperature

dependence [171]:

(%)= m = () exe (=35 (3.4)

where (%) ,p°, v, PP and E, are, respectively, the permeance of the membrane to permeant 7,

the saturated vapor pressure of pure component i, the activity coefficient in the liquid phase
(calculated by the Pitzer equation of state), the permeate vapor pressure (which is generally
negligible in pervaporation), and the activation energy for permeation, based on membrane

permeability. x and y are the mole fractions of water in the feed and permeate, respectively.
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Figure 3. 10  Effects of temperature on permeance of water through GO-PEI LbL membrane at
different feed salt concentrations.

Fig 3.10 shows the membrane permeance as a function of reciprocal temperature on a semi-

log scale. As can be seen, the permeance of water in the membrane may increase or decrease with

an increase in the operating temperature. The activation energy of permeation for various feed, E,,,

which can be obtained from the slope of the Arrhenius plot, is listed in Table 3.1. Based on the

solution-diffusion model, the permeability coefficient is equal to the product of the diffusion and

solubility coefficients. Thus, E, is equal to the activation energy for diffusion (Ep) plus the heat

of sorption (AHy) (i.e., E,, = Ep + AHg). Whereas Ej, has a positive value, the heat of sorption

(AHg) can be either negative or positive depending upon whether the sorption process is
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exothermic or endothermic. Negative values of E;, for the water permeation imply that the sorption
process is exothermic (i.e., AHg < 0) and temperature affects exothermic sorption more than it
affects diffusion, causing a decline in membrane permeability. E, can be also estimated from E,, =
E; — AHy, where AHy, is the heat of vaporization [31]. Accordingly, the AHy, values of water for

the different feed solutions at temperatures ranging from 25-65 °C were determined and presented
in Table 3.1. The AHy values obtained using ASPEN are comparable with the calculated AHy,

values.

3.3.3.2 The effects of feed concentration

Fig 3.11 shows how salt concentration in the feed solution affected the pervaporation
performance of a PEI/GO LbL membrane when the salt concentration increased from 2.0 to 20.0
wt% at different feed temperatures. In general, the water flux decreases at higher salt
concentrations, which is consistent with results reported elsewhere [34,50]. This trend became
more remarkable at higher temperatures. In pervaporation, the feed concentration directly affects
the sorption of permeating species at the membrane/liquid interface, and the diffusion rate of the
component in the membrane depends on the concentration gradient [174]. When the salt
concentration in the feed solution increases, the mass transfer coefficient of water and
consequently the rate of water diffusion into the membrane are expected to decrease. When the
salt concentration was increased from 2.0 wt% to 20.0 wt% on the feed side, the concentration of
water decreased from 98.0 wt% to 80.0 wt%, leading to the lowered partial vapour pressure of
water. Additionally, at higher temperatures, feed salt concentration had more significant effects on
water flux because the saturated water vapor pressure is affected by temperature as mentioned
earlier. For example, the water vapour pressure at 65°C is much different to that at room

temperature. On the other hand, increased salt concentration will reduce the available diffusion
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space for water molecules, and consequently reduce the water flux.
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Figure 3. 11  Effects of feed salt concentration on water flux at different temperatures.

Table 3.2 compares the pervaporative desalination performance of the PEI/GO LbL membrane
with other membranes reported in the literature [34,50,123,131,175-177]. For a feed salt
concentration of 200g/L, the PEI/GO LbL membrane showed a water flux of 8.4 kg/m? h, which
is more than 10 times higher than the water flux of the PEBA membrane used under the same
operating conditions [178]. Qian et al. [177] found that there was fouling on the surface of
chitosan/GO mixed matrix membranes after 35 h of operation with a 5wt% feed NaCl

concentration. Huang et al. [176] reported that the polyimide/GO hollow fiber membrane had a
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water flux of 15.6 kg/m?h for seawater desalination at 90 °C. Feng et al. [175] reported water flux
of 10.7 kg/m?h for a polyimide/GO mixed matrix membrane at 75 °C for seawater desalination;
however, there was no information available on the long term stability of the membrane. The other

membranes listed in Table 3.2 were not applied for the desalination of high-salinity water.

Table 3.2 Pervaporative desalination performance of different membranes.

Membrane Feed NaCl  Temperature Flux Rejection Ref.
(g/L) °C) (kg/(m® ) (%)

GO/Polyacrylonitrile 35 30 14.3 >99.8 [50]

Poly(vinyl alcohol)/maleic 2 65 11.7 >99.9 [34]

acid/silica

Poly(vinyl alcohol)/maleic 2 22 6.93 >99.5 [123]

acid/silica

Crosslinked Poly(vinyl 30 60 51.2 >99.9 [131]

alcohol)/Laponite

Polyimide/GO 100 75 10.7 >99.8 [175]

Polyimide/GO 35 90 15.6 >99.9 [176]

Chitosan/GO 100 60 16.2 >99.9 [177]

PEI/GO LbL 20 65 13.7 >99.9 This study

PEI/GO LbL 50 65 12.8 >99.9 This study

PEI/GO LbL 100 65 10 >99.9 This study

PEI/GO LbL 200 65 8.4 >99.9 This study
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Moreover, the pressure required for membrane-based desalination using RO at a high salinity
of 55,000 mg/L with a high recovery of above 35% would require a feed pressure that is beyond
the acceptable pressure of membrane modules. For instance, to overcome the osmotic pressure,
the feed pressure required for brackish water desalination is expected to range from 6 to 30 bar,
whereas those for seawater desalination is 60 to 80 bar [179]. The osmotic pressure for the feed
water with a salinity of 200 g/L NaCl (this study) is estimated to be more than 180 bar at 25°C

[180], which is extremely challenging for the current generation of RO.

Membrane distillation (MD) is an alternative process that is similar to pervaporation for
desalination of water. Different types of MD configurations have been used to separate aqueous
feed solutions using hydrophobic membranes, namely direct contact MD, air gap MD, vacuum
MD, and sweeping gas MD. Table 3.3 summarizes several types of MD performances for a rough
comparison with the performance of the LbL membranes prepared in this study. Banat and Simandl
[181] used a polyvinylidene fluoride (PVDF) flat membrane for desalination of seawater via air
gap MD, and a permeation flux of 1 kg/m*h was obtained at a temperature of 40 °C. Yun et al.
[182] reported a permeation flux of 6.1 kg/m?h at a feed NaCl concentration of 24.6 wt% at 43 °C
via direct contact MD using PVDF membranes. Hsu et al. [183] investigated two types of MD
configurations using a Millipore polytetrafluoroethylene (PTFE) membrane, and they found a
permeate flux of 1 and 0.5 kg/m*h at 5 °C for feed NaCl concentrations of 5 and 3 wt%,
respectively, when direct contact MD and air gap MD were used. Gryta et al. [184] reported that
capillary polypropylene membranes soaked in salt solutions were wetted faster than those soaked
in distilled water. Most of the MD studies reported issues of fouling and wetting of the membranes.
Therefore, the feed flowrate has an important effect on the MD membrane performance [126]. In

general, the PEI/GO LbL membranes prepared in this study have a high permeation flux for
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pervaporative desalination when compared to the afore-mentioned MD membranes.

Table 3. 3 MD performance of different membranes.
Membrane MD module Feed NaCl (g/L) Temperature Flux Rejection Ref.
4 (kg/(m’ h)) (%)

PVDF Air gap Seawater 40 1 <Sppm salt [181]
permeate

PVDF Direct contact 250 43 6.1 99.9 [182]

PTFE Direct contact 5 5 1 Conductivity [183]
7-12 s/cm

PTFE Air gap 3 5 0.5 Conductivity [183]
7-12 s/cm

PVDF Direct contact 3.5 60 16 - [185]

PP Vacuum Na: 0.0344 mol/l 85 4.1 - [186]

Cl: 0.0166 mol/l
PTFE Vacuum 150 48 7.9 - [187]
PVDF-HFT Direct contact 3 50 2.88 99.3 [188]

PVDF: polyvinylidene fluoride, PTFE: polytetrafluoroethylene, PP: polypropylene, PVDF-HFT:

polyvinylidene fluoride-hexafluoropropylene

3.3.3.3 Long-term stability for pervaporation desalination

Fig 3.12 shows the separation performance of the PEI/GO LbL membrane with one bilayer for

pervaporation desalination of high salinity water (NaCl concentration 20 wt%) at 35 °C for ~ 220

h. There was no significant change in permeation flux while maintaining a high salt rejection (~

99.9%) over the entire test duration, which shows the long-term stability of the membrane for

desalinating high-salinity water.
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Figure 3. 12 The long term performance of the PEI/GO membrane for desalination of high
salinity water at 35 °C. NaCl concentration in feed water 20 wt%.

3.4 Conclusions

A thin-film-composite polyamide membrane was surface modified by chlorine treatment
followed by electrostatic deposition of polyethyleneimine and graphene oxide, leading to a new
type of layer-by-layer self-assembly membrane. The PEI/GO LbL membrane was successfully
fabricated and tested for desalination of high salinity water at salt concentrations up to 20 wt%.
The effects of operating temperature and feed concentration on water permeation were studied.
The chlorination treatment of the thin polyamide active layer resulted in the more hydrophilic and
negatively charged surface, which was favorable for subsequent electrostatic adsorption of PEI
and GO. The resultant membrane performed better than the original polyamide membrane in terms
of water permeability, and it was applicable for desalination of high salinity water with a high
rejection of salts (~ 99.9%). The study also revealed the positive correlation between temperature
and water flux due to the augmented driving force for water permeation. The temperature
dependence of water flux followed an Arrhenius type of relationship, and the activation energy for

water permeation varied from 34 to 45 kJ/mol. Water flux declined when increasing feed salt
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concentration from 2.0 to 20 wt% because of the reduced driving force for permeation. Water flux
as high as 8.4 kg/(m?h) was obtained for a feed solution of 20 wt% NaCl at 65°C. This study
showed that the surface modification of the membrane via the LbL self-assembly requires a small
amount of PEI and GO nanosheets to help overcome the trade-off effect encountered by typical

TFC membranes to improve both water flux and salt rejection.
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Chapter 4

Layer-by-layer assembly of graphene oxide/polyethyleneimine on TFC

polyamide membranes for dehydration of ethylene glycol via pervaporation

4.1 Introduction

Pervaporation, effective membrane-based technology for liquid separation, is a well-
established method for dehydrating organic solvents, particularly those with high-boiling points
such as ethylene glycol [145,189]. In the past years, pervaporation has drawn considerable
attention in industries dealing with energy and quality challenges related to ethylene glycol (EG)
dehydration. EG is a non-volatile organic compound with two hydroxyl groups, and it has a wide
range of applications due to its physical properties, some of which are listed in Table 4.1 [190—
192].

EG is widely employed as an antifreeze and coolant in automobiles, as a precursor to
manufacturing polyester and polyethylene terephthalate, and as a hydrate inhibitor of natural gas
in the oil and gas industries [191]. However, a drawback of using EG is its toxicity, which is an
environmental concern. Thus, it is imperative to recover EG from water. From both an
environmental and economic points of view, conventional separation processes as distillation and

multi-stage evaporation require a large amount such of thermal energy to separate water and EG,
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since high-pressure steam is required in the reboiler due to the high boiling point of EG
[189,190,193]. Therefore, from an energy consumption viewpoint, pervaporation is an alternative
process which can be used at low heat levels, especially if coupled with waste heat, solar, or

geothermal heat sources [5].

Table 4. 1 The physical properties of EG and water.

EG Water

Molecular weight (g/mol) 62 18

Molecular diameter (A) 4.3 2.7

Molecular volume (A%)? 92.4 29.9
Boiling point (°C) 197.3 100
Melting point (°C) -13 0.0

Refractive index, nD, at 25°C 1.43 1.33
Solubility in Water/EG at 20°C (wt%) 100 100
Vapor pressure at 25°C (kPa) 0.88 x 1072 3.17
Heat of vaporization at 1 atm (kJ/mol) 58.9 40.7

2 The molecular volume is calculated by the molecular weight divided by the density and
the Avogadro number [192].

For effective pervaporation dehydration of aqueous organics, hydrophilic non-porous
membranes are generally exploited [14]. For such membranes, layer-by-layer (LbL) assembly
offers a low-cost, versatile and structurally controllable technique to build up nanoscale anionic-
cationic multilayers. The LbL assembly is performed through the alternative cyclic deposition of
oppositely charged polyelectrolyte solutions (or nanoparticle suspensions) onto a charged substrate
[77,194]. Since polyelectrolytes are hydrophilic and each deposited bilayer is nanometer, this
bottom-up approach helps reduce the mass transfer resistance of the membrane and results in a

higher permeation flux. Electrostatic interaction is the main driving force for the bilayer buildup,
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and hydrogen bonding also helps assembly once the building blocks encompass functional groups
as hydrogen bond acceptors or donors [195-197]. LbL assembly membranes have been studied for
pervaporation [16,145], reverse osmosis (RO) [119], nanofiltration (NF) [16,198], and forward
osmosis (FO) [17]. Zhang et al. [145] prepared an LbL membrane using seven bilayers of
polyethyleneimine/poly(acrylic acid) (PEI/PAA) for EG dehydration, with a separation factor of
over 410 at 22°C when the feed water concentration was less than 20 wt%.

Two factors are essential in preparing membranes via LbL assembly: appropriate substrates
and polyelectrolytes. Thin film composite (TFC) polyamide membranes are a preferred substrate
for LbL assembly membranes due to 1) its negatively charged surface, which makes it ready for
polycation deposition, and 2) its thin dense skin layer, which reduces the number of polyelectrolyte
depositions needed to obtain a durable membrane with sufficient selectivity [119,145].

Recently, graphene oxide (GO) has been shown to offer a solid “brick-and-mortar” LbL
structure assembly [17,108,194]. Each individual GO nanosheet possesses a unique carbon
nanostructure with abundant hydrophilic functional groups, allowing faster passage of water,
almost without friction. GO is thus an ideal candidate nanomaterial for membranes [108,121].
Once GO nanosheets are dispersed in water, they act as polyanions due to the ionization of the
hydroxyl and carboxyl groups. Subsequently, they can interconnect with polycations such as
polyethyleneimine (PEI) through electrostatic and hydrogen bonding [17,138,194]. As a result, the
multilayered membranes applied in water-related separations have enhanced stabilities compared
to GO layers alone.

Numerous studies have reported the promising performance by incorporation of GO to modify
the surface properties of a substrate through LbL assembly. For instance, Zhao et al. [199]

developed gelatin (GE)/GO membranes via LbL self-assembly on hydrolyzed polyacrylonitrile
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(H-PAN) ultrafiltration membranes as substrates for the pervaporative dehydration of ethanol.
They obtained a permeation flux of 2,275 g/m?h and a permeate water concentration of 98.7 wt%
at 350 K for a feed water concentration of 20 wt% with 10.5 bilayers. They also confirmed the
desirable long-term stability of the GE/GO multilayer membranes. Mi et al. [17] prepared a
membrane via LbL assembling GO nanosheets on porous poly(acrylonitrile) (PAN) support which
was attached to poly(allylamine hydrochloride) (PAH) mainly by electrostatic interactions for an
FO process. The membrane exhibited a tight structure with a high rejection of about 99% to
sucrose, and the thickness of each GO-PAH bilayer was reported to be about 16.5 nm. Grunlan et
al. [118] demonstrated that membranes with tightly packed nanostructures prepared using ten
bilayers of branched polyethyleneimine (bPEI) and GO on PET had impressive gas selectivity.
Another study [194] by the same group showed that a membrane prepared with five bilayers of
chitosan (CS), polyacrylic acid (PAA) and GO had excellent barrier properties for gas separation,
and the thickness of the bilayers was reported to be ~44 nm. The membrane had a highly oriented
structure of GO layers.

Thus, the objective of this study was to explore the potential use of PEI and GO in fabricating
membranes via LbL self-assembly for pervaporative dehydration of ethylene glycol (EG). PEI was
used as a positively charged polyelectrolyte due to its amine functional groups in its backbone.
Furthermore, its hydrophilic nature is favorable for forming the structure of water-permeating
membranes. By pairing PEI and GO, strong intermolecular hydrogen bonding is expected to occur
in addition to electrostatic attractions.

To the best knowledge of the authors, no prior study has considered the self-assembly of
PEI/GO on chlorinated TFC polyamide membranes for the dehydration of EG via pervaporation.

PEI/GO bilayers are expected to offer a preferential passageway for the transport of water
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molecules. This work examined the effects of temperature and feed water concentration on the
membrane performance to investigate the permeability and selectivity of the membranes.
Furthermore, the pervaporation dehydration of EG in the presence of salt (i.e., NaCl) was studied,
since aqueous EG solutions in gas and chemical processing usually include salts (e.g., 110-800
mg/L sodium [200]). The effects of the number of bilayers on the membrane performance were
also considered to gain an insight into the relation among membrane thickness, mass transfer
resistance, permeation flux, and selectivity. The morphology and hydrophilicity of the PEI/GO
LbL membranes with a different number of bilayers were explored by using atomic force

microscopy (AFM) and contact angle measurement, respectively.

4.2 Experimental

4.2.1 Materials

A commercially available thin-film composite polyamide membrane with non-woven fabric
support produced by interfacial polymerization (supplied by GE Water) was used as a dense
substrate. Graphite flakes were obtained from Alfa Aesar. To oxidize graphite into GO, potassium
permanganate (KMnQOs4, >99%, Merck), phosphoric acid (H3POas, 85% solution in water, Acros),
hydrogen peroxide 30% (H202, 30%) and sulfuric acid (H2SOa4, 95-98%, Sigma-Aldrich) were
used. Moreover, hydrochloric acid (HCI, 37%, Merck), ethanol (Sigma-Aldrich) and de-ionized
water were used for rinsing the synthesized GO. Branched polyethylenimine, (PEI, average My, ~
25,000, Sigma-Aldrich) was used as a polycation and the polycation solution has a pH of ~ 10.
Sodium hypochlorite (NaClO, 14.5% available chlorine, BDH Chemicals) was used for the
chlorine treatment of TFC polyamide surface. De-ionized water was used to prepare aqueous

solutions of EG with desired feed concentrations. The prepared GO solution was well-sonicated
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for 15 min before usage, and the GO suspension was used as an anionic component at its natural

pH (~ 6).

4.2.2 The preparation of GO aqueous solution

Applying an improved GO synthesis method proposed by Marcano et al. [153], GO nanosheets
were produced from graphite powders. This method provides a larger amount of hydrophilic
oxidized graphene materials with fewer defects in the basal plane than the GO prepared by the
conventional Hummers’ method [154]. Briefly, 3 g of natural graphite flakes and 18 g of KMnO,
were gradually added to an acid mixture composed of 360 mL of H,SO, and 40 mL of H;PO,
under stirring conditions. The reaction was allowed to occur at 50°C for 16 h. Afterward, the
mixture was cooled to room temperature and poured onto 400 mL of ice-water, followed by
addition of H20: (~3 mL), causing a color change from dark purple to golden. The mixture was
centrifuged at 3500 rpm to decant away large aggregates and supernatant, and the remaining solid
materials were washed with 10% HCI (2x) and ethanol (4x) solutions, respectively. After each
washing step, the mixtures were centrifuged to remove the supernatant. The resulting uniform and

brown GO suspension was used as an anionic solution in self-assembly technique.

4.2.3 The preparation and characterization of GO/PEI LbL membranes

Fig. 4.1 shows a schematic of the LbL deposition. First, the TFC polyamide support membrane
was treated with an aqueous chlorine solution, i.e., sodium hypochlorite, of 6000 PPM for 2 h to
impart strong negative surface charges (denoted as CI-TFC for convenience of discussion). The
active polyamide skin layer became thinner and less compact due to the controlled chlorination
[143,152]. The CI-TFC substrate was initially soaked in DI water overnight to remove sodium

hypochlorite residue. Then to build up a bilayer, the PEI aqueous solution (positively charged,
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0.02 monomol/L) and GO aqueous solution (negatively charged, 100 mg/L) was deposited onto
the CI-TFC surface for 30 min, respectively. It should be mentioned that each deposition step was
followed by rinsing with DI water for 10 min to remove the physically adsorbed excess
polyelectrolytes. This cycle was repeated for building up additional bilayers. The resulting
membranes were dried in a vacuum oven at 45°C for 2 h. The resulting LbL assembled membrane
was designated as (PEI/GO)x, where x refers to the number of bilayers. The surface hydrophilicity
of the membranes with a different number of bilayers was evaluated by conducting static contact
angle measurement with a contact angle goniometer (VCA 2500 XE, AST Products) at room
temperature. The average contact angle value of three arbitrary locations was reported for each
membrane sample (for an average water droplet size of 2 plL). The surface morphology and
roughness of the membranes were characterized using a tapping mode atomic force microscopy
(AFM) (Bruker Innova, USA). To confirm the chemical structures of GO nanosheets and LbL
membranes, Fourier Transform Infrared spectroscopy (FTIR, Bruker Tensor 27 IR) was used over

the wavelength range of 500 to 4000 cm™?.
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Figure 4.1  Schematic of the LbL deposition process.

4.2.4 Pervaporation study

The performance of the prepared membranes was evaluated in a laboratory-scale pervaporation
apparatus. The membrane with a permeation area of 17.4 cm? was placed with the active side
facing the feed-solution. The downstream side was evacuated using a vacuum pump and
maintained under 0.1 kPa absolute. The permeate vapor was collected over a specific period of
time using cold glass traps immersed in liquid nitrogen, then analyzed for composition by a
refractometer (Atago 3810, PAL-1). The permeation flux (J, g/m?h) and separation factor (a) were

determined as follows:

j==2 (4.1)

82



_ Y/a-v)
- X/(1-X)

(4.2)

where Q is the total weight of the permeate collected at a specific experimental time (¢) over
the effective membrane area (A); and X and Y are the mass fractions of water in the feed and
permeate solutions, respectively. The partial fluxes of EG and water were determined from the
permeate composition and total flux. The experimental data were recorded once no further
difference in the permeate flux and composition could be detected, and an average of at least three
measurements was conducted to ensure reproducibility.

An operating temperature in the range of 22-65°C was maintained using a thermal bath. The
feed water concentrations were in a range of 0.1-18 wt%. Water removed by the membrane was
compensated for by adding the same amount of water to the feed to maintain a consistent
composition during pervaporation experiments. Moreover, the pervaporative dehydration of EG
was studied in the presence of inorganic salt. Note that no salt precipitation or crystallization on
the permeate side of the LbL membrane was detected throughout the entire experiment. After
completion of a pervaporation run in the presence of salt, the feed side of the membrane was rinsed
with DI water for 2 h to wash away any salt, followed by pervaporation with pure water for 2 h.

The experimental data reported representing the average values from at least three measurements.

4.3 Results and discussion

4.3.1 Effects of feed concentration on the dehydration of ethylene glycol
To study the effects of feed water concentration on the pervaporative dehydration of EG using
the (PEI/GO); membrane, the experiments were undertaken for feed water concentrations ranging

from 0.1 to 18 wt% at 35 °C. This range is relevant to industrial applications, e.g., the dehydration
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of natural gas using EG [171]. Fig. 4.2 shows the water concentration in the permeate, separation
factor, total and partial permeation fluxes as a function of feed water concentration. The permeate
water concentration increased from 66.5 to 95 wt% when increasing the feed water from 0.1 to 18
wt%. The vapor-liquid equilibrium (VLE) data of binary mixtures of EG and water are also plotted
to compare pervaporation separation and traditional distillation [201]. The dehydration of EG by
pervaporation is a more selective and efficient than distillation, particularly at low feed water
concentrations. The total permeation flux increased almost linearly from 56 to 402 (g/m*h) with
an increase in the feed water concentration from 0.1 to 18 wt%, while the partial flux of water was
comparable with the total permeation flux and drastically increased with an increase in feed water
concentration. Meanwhile, the partial flux of EG increased very slightly (Fig. 4.2 d).

An increase in feed water concentration enhances the driving force for permeation of water
through the membrane and swelling of the membrane, giving water molecules the ability to diffuse
through the membrane more effortlessly; whereas the opposite happens for EG permeation. The
permeation flux of water was much higher than that of EG, and the total permeation flux is
predominantly manipulated by the water flux, implying that water is preferentially permeable
through the membrane. The high water permeability may result from the relatively small kinetic
size of water molecules and the stronger affinity between water and the outmost GO layer in the

membrane.
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Figure 4.2  Effects of feed water concentration on (a) water content in permeate, (b) separation
factor, (c) total permeation flux, and (d) partial permeation flux through (PEI/GO)3; membrane.
Temperature: 35 °C.

There is a trade-off relationship between the permeation flux and separation factor. The
separation factor of the (PEI/GO); membrane tended to decrease when the feed water content
increased (Fig. 4.2 c). The separation factor reduction is more significant at lower feed water
concentrations (i.e., 0.1-2.0 wt%), and a further increase in the feed water concentration had a
slight impact on the separation factor. The PEI/GO LbL membrane with 3 bilayers exhibited a
very high separation factor for the dehydration of EG at low feed water concentrations, which

confirms the permselectivity of the membrane. For instance, at feed water concentrations of 0.1,
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0.2, and 0.5 wt%, separation factors of 1800, 1008, and 583 were observed, respectively. Similar

trends were reported for dehydration of EG using different hydrophilic membranes [171,189].

4.3.2 The effects of operating temperature

Temperature is an important operating parameter in pervaporation as it affects both the
solubility and diffusivity of the permeating species through the membrane, as well as the driving
force for permeation [171,189]. Fig. 4.3(a) shows the partial fluxes of water and EG through the
(PEI/GO)3 membrane as a function of temperature, where the temperature dependence of the
fluxes followed an Arrhenius type of relationship. The partial vapor pressure difference between
the feed and permeate may be considered to be the driving force. The permeation fluxes of both
water and EG increased exponentially with temperature for all feed concentrations.

The increased permeation fluxes at higher temperatures may be attributed to 1) the partial vapor
pressures of both water and EG increased as the operating temperature increased, which enhanced
the driving forces for their transport through the membrane; 2) faster diffusion occurred at higher
temperatures as the permeant molecules became more active and energetic; and 3) the thermal
energy would provoke the motion of polymer chains, enlarging the free volume of the membrane
[34,172]. Increasing temperature, at a given feed water concentration, appeared to affect the
permeation of EG more considerably than that of water; consequently, the separation factor
experienced a drop with a rise in temperature, as shown in Fig. 4.3(b). The EG flux, for example,
was increased from 14.1 to 44 g/(m?h), while water flux increased from 54.4 to 96.2 g/(m?h) with

an increase in temperature from 25 to 60 °C at a feed water concentration of 0.5 wt%.
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Figure 4.3  Effects of temperature on (a) the partial permeation fluxes of water and EG; and (b)
separation factor using membrane (PEI/GO); at different feed water concentrations.

The temperature dependence of the permeation flux fits an Arrhenius type of relationship:
Ey

] = Joexp (— 1) (43)
where ], is the pre-exponential factor, R is the gas constant, T is the absolute temperature, and E;
is the apparent activation energy for permeation that depends on the activation energy for diffusion
and the heat of sorption [171]. E; shows the overall effects of temperature on the permeation flux,
which has accounted for the driving force for mass transport.

Fig. 4.4 shows the apparent activation energies, E;, for the permeation of EG and water at

different feed water concentrations ranging from 0.1-5.0 wt%. The apparent activation energy for
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both water and EG permeation increased with an increase in the feed water concentration. The
activation energy for water permeation appeared to be lower than that for EG permeation (i.e.,
Ej water < Ejgg). This finding may be ascribed to 1) water having a lower heat of vaporization
(i.e., 40.7 kJ/mol) than EG (i.e., 53.2 kJ/mol); therefore, the vapor pressure of EG increases more
significantly than the vapor pressure of water with increasing the feed temperature; and 2) water
having a smaller kinetic molecular size than EG, and needing to overcome a lower energy barrier
to diffuse through the membrane. Increasing temperature, in other words, can augment the

diffusivity of the larger component more than that of the smaller component [173].
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Figure 4.4  Apparent activation energies for permeation of water and EG based on permeation
flux at different feed water concentrations.
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To explore the effects of temperature on the membrane permeance (or permeability), the
permeance of the membrane was calculated by normalizing the permeation flux by the driving

force and an Arrhenius type of temperature dependence also applies:
P\ Ji (P Epi
( l ) - Pixiyi— pPy; ( l ) €Xp (RT) (4'4)

where (%) ,p°, v, p?, E,, x and y are, respectively, the permeance of the membrane to permeant

i; the saturated vapor pressure of pure component i, which can be calculated from the Antoine
equation [202]; the activity coefficient in the liquid phase, calculated from the Wilson equation
with the help of Aspen Plus [189]; the permeate vapor pressure, which is generally negligible in
pervaporation; the activation energy, based on membrane permeability; and the mole fraction of
water in the feed and permeate.
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Figure 4.5  Effects of temperature on the permeance of (a) water, and (b) EG through
(PEI/GO)3 membrane at different feed water concentrations.
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Figure 4. 6  Effects of temperature on the driving force of (a) water, and (b) EG molecules
through (PEI/GO); membrane at different feed water concentrations.

Table 4. 2 Activation energies of permeation of water and EG based on membrane permeance
(Ep) through (PEI/GO)3 membrane at different feed water concentrations.

Feed water concentration (wt%)  Ej, yqater (kJ/mol) Ep g6 (kJ/mol)

0.1 -34.3 -42.7
0.2 -35.6 -40.2
0.5 -35.8 -36.2
2.0 -30.6 -36.4
5.0 -29.3 -36.0
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Fig. 4.5 shows the membrane permeance as a function of reciprocal temperature and Table
4.2 summarizes the E,, data for EG and water. In particular, at a given temperature, the permeance
of water through the membrane was higher than that of EG at low feed water concentrations.
However, the opposite trend is true for the permeance of water when a feed water concentration
was 5 wt%. Similar results were observed with other hydrophilic membranes for dehydration of
EG [171,189]. The water clustering increased at higher feed water concentrations, resulting in
lower water diffusion in the membrane [203]. Furthermore, separation in pervaporation is the sum
of evaporation of the feed liquid and membrane selectivity [204]. At 5 wt% feed water
concentration in the range of temperatures studied, the water/EG permeance ratio (selectivity) of
the membrane (which is 0.4-0.5) was low; however, the membrane showed separation factors of
126 to 78. It implies that the separation achieved was more due to the selective evaporation, and
the membrane had low impact on the separation [205]. Therefore, a membrane with more number
of bilayers may potentially be required for the dehydration of EG with more than 5 wt% feed water
concentration.

Fig. 4.5. also shows that the membrane permeance tended to decrease with a rise in
temperature for both EG and water (to a greater extent), implying that temperature had a negative
impact on the membrane permeance. As pervaporation occurs as per the solution-diffusion model,
the permeability coefficient equals the product of the diffusion and solubility coefficients. Thus,

Ey, is equal to the activation energy for diffusion (Ep) plus the heat of sorption (AHy) (i.e., E, =

Ep + AHy) [31]. Whereas E}, has a positive value, the enthalpy of sorption (AH,) can be negative
or positive depending upon whether the sorption process is exothermic or endothermic. Negative

values of E,, for both water and EG permeation imply that the sorption process is exothermic (i.e.,

AH; < 0) and temperature affects the exothermic sorption more than it affects diffusion, causing
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a decline in the membrane permeance. Moreover, the increase in permeation flux for each
component strongly related to the increase in their saturated vapor pressures and thus driving force.
Similar phenomena for dehydration of EG via pervaporation were reported in the literature
[171,189,206]. In addition, Fig. 4.6 shows the calculated driving forces for each individual
component at different feed water concentrations as a function of temperature, which is in line
with the results in Fig. 4.5. Water had a higher driving force than EG, and the percentage decrease

in water permeance is lower compared to EG permeance at all feed water concentrations.

4.3.3 The effects of salt on the dehydration of EG

NaCl and EG are commonly present in gas and chemical processing. The former occurs as the
water phase produced is brine. Only a few studies have evaluated the pervaporation performance
of ternary organics-water-salt mixtures [171,207—209]. The present study attempted to explore the
performance of the (PEI/GO); membrane for the dehydration of EG in the presence of NaCl, at
different feed salt concentrations and operating temperatures. It was found that the (PEI/GO)3
membrane was stable at the considered operating conditions. For instance, the membrane showed
a total permeation flux of 91.6 g/m*h and a separation factor of 375 for a feed water concentration
of 1 wt% at 35°C. This membrane showed approximately the consistent pervaporation
performance after conducting pervaporation experiments with different feed solutions (e.g., binary
and ternary mixtures) at various temperatures ranging from 25 to 60 °C for about 4 months, with
a total permeation flux of 94.5 g/m*h and a separation factor of 363 for a feed water concentration
of 1 wt% at 35°C, i.e., ~ 3.06 and 3.20 % changes in total permeation flux and separation factor,

respectively.
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Effects of feed salt concentration on the membrane performance in the ternary system

Fig. 4.7 presents the variations in separation factor, the water content in the permeate, total
permeation flux, and partial permeation fluxes of water and EG for an EG-water-NaCl system as
a function of feed NaCl concentration at a fixed temperature of 35 °C. The feed water concentration
was on a salt-free basis. The water content in the permeate increased with an increase in NaCl
content in the feed, particularly at lower feed water concentrations. For instance, when the feed
NaCl content was increased from 0 to 0.5 wt%, the percentage increase in the permeate water
concentration at a feed water concentration of 0.5 wt% was approximately 15.4 %; whereas, these
values for the feed water concentrations of 2.0 wt% and 5.0 wt% are about 12.1% and 9.9%,

respectively.
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Figure 4.7  Effects of feed NaCl concentration on (a) separation factor, (b) water content in

permeate, (c) total permeation flux, and (d) partial permeation fluxes of water and EG through
(PEI/GO)3 membrane at 35 °C.

Based on Raoult’s law, adding non-volatile NaCl to water decreased water vapor pressure,
resulting in a lower driving force. In addition, the activity of water decreased due to the interactions
with NaCl molecules, resulting in less membrane swelling [207,209,210]. Note that no salt
precipitation or crystallization on the permeate side of the membrane was detected throughout the
entire experiment. Moreover, no flux reduction was observed over time during the dehydration
experiments for all feed NaCl concentrations, since probably salt did not physically block the

membrane surface.
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Effects of feed temperature on the pervaporation performance in a ternary system

Fig. 4.8 presents the effects of temperature on the partial fluxes of water and EG through
(PEI/GO)3 membrane, in the presence of salt, where the logarithmic fluxes and reciprocal
temperature followed a linear relation. Experiments were performed by changing the feed NaCl
concentration (i.e., 0-0.4 wt%) while keeping the feed water concentration constant at 0.5 wt%
(salt-free basis). The permeation fluxes of both water and EG increased exponentially with the
temperature at all feed NaCl concentrations when the temperature increased from 25 to 60 °C. It
can be determined from the slope of the lines that the temperature dependency of water permeation
flux was more remarkable at higher concentrations of feed NaCl, while the opposite happened for
EG permeation. The apparent activation energies (E;) for water and EG in the presence of NaCl
are shown in Fig. 4.9. Note that the sodium chloride is more soluble in water than in EG [211],

and the vapor pressure of EG and water decrease by salt concentration.
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Figure 4.8  Effects of temperature on permeation fluxes of (a) water and (b) EG at different
feed NaCl contents, feed water concentration: 0.5 wt% (salt-free basis), and (PEI/GO); membrane.

The apparent activation energy for permeation of water noticeably increased with an increase
in NaCl content in the feed. The opposite was observed for EG, though the decrease in activation
energy for EG was much more gradual. With an increase in temperature, the vapor pressure of
water increased more noticeably than the vapor pressure of EG in the presence of salt, resulting in

a higher water concentration in the permeate and the separation factor as shown in Fig. 4.10.
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(PEI/GO)3 membrane.

4.3.4 Importance of number of bilayers to pervaporation performance

Fig. 4.11 shows the effects of the number of bilayers on total flux, separation factor, and partial

permeation fluxes of water and EG, a feed with 5 wt% water was used at a fixed temperature of

35 °C. With an increase in the number of bilayers, the total permeation flux decreased while the

separation factor increased. For instance, the total flux decreased from 163.7 to 101.8 (g/m? h)

(i.e., a 38% decline) when the number of bilayers changed from 1 to 15; whereas the separation

98



factor increased from 82.6 to 204.5 (i.e., increased by 148%). Increasing the number of bilayers
from 1 to 15 caused the EG flux to drop by almost 72%, while the water flux dropped by about
30%. Therefore, the membrane became more selective with an increase in the number of bilayers
and the greater decrease in EG flux may be attributed to a larger molecule size of EG than water.
The increase in selectivity was also at the expense of reduced permeance. Note that there might be
non-selective interfacial defects when the number of bilayers was low. Defect-free membranes
with stable active layers can be formed by increasing the depositions of PEI and GO layers.

The membrane resistance is expected to increase proportionally when the membrane thickness
increases [10]. Based on the resistance-in-series approach, the overall mass transfer resistance of
a component in composite membranes is the sum of the resistance in the bilayers and a substrate.
A straight line should be attained by plotting inverse flux as a function of the number of bilayers
(Fig. 4.12). The slope of the line gives the mass transfer resistance related to per bilayer, and the
intercept gives the mass transfer resistance related to the substrate [212]. Table 4.3 presents data
of membrane resistance for permeation of water and EG. As expected, the mass transfer resistance
of the bilayers and substrate showed a positive correlation with the number of bilayers (Appendix
D). The mass transfer resistance per bilayer for permeation of EG is higher than that of water,
which indicates that the selectivity can be controlled by the number of bilayers. The substrate
resistance for permeation of water and EG in an original TFC membrane without chlorine

treatment (at the same feed concentration and operating temperature) were 11.2x102and 3.2x10

Zhk . . .
m—olpa), respectively. It confirms that the TFC membrane resistance for permeation of

2

( m
components decreased after chlorine treatment (see Table 4.3). However, it should be noted that
at Swt% feed water concentration, the intrinsic membrane selectivity was low and separation

obtained with such a substrate was mostly due to the different relative volatility of EG and water
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(see Figure 4.5). Therefore, the selectivity of the LbL membrane can be improved by depositing
an additional number of PEI/GO bilayers on the substrate. Moreover, the straight lines suggest that
the bilayer build-up was uniform. Liu et al. [213] reported that the thickness of an active layer is
directly correlated with the number of bilayers. The diffusion pathway length and the mass transfer
resistance for both water and EG molecules increased with the addition of bilayers, thereby
decreasing the permeation flux. Table 4.4 shows a comparison of the pervaporation performance

of the (GO/PEI)x LbL membranes prepared in this study with other membranes reported in the

literature.
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Feed composition: Swt% water, operating temperature: 35 °C.

Table 4. 3 Membrane resistance for permeation of water and EG. Feed composition: Swt%
water, operating temperature: 35 °C.

Component . . m2.h.kPa m2.h.kPa
Resistance per bilayer ( — ) Substrate ( — )

EG 6.05x1073 2.55%107

Water 3.21x1073 10.43%x107?
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Table 4. 4 A comparison of pervaporation performance of membranes for dehydration of

ethylene glycol.
Membrane Feed water concentration =~ Temperature Flux Separati Ref.
(Wt%) °C) (g/m*h) on
factor
CS/PAA PECM 20 70 165 258 [214]
CS/PAA PECM 20 70 216 105 [215]
PEI/PAA-polyamide 3 40 400 340 [143]
PEI/PAA-polyamide 10 22 12 410 [145]
PES-PD/Polyamide/PD 24 38 81 388 [171]
PES-PD/Polyamide/PD 19.2 38 429 196 [171]
(PEI/GO); LbL 2 35 114 213 This work
(PEI/GO); LbL 5 35 148 103 This work
(PEI/GO);15 LbL 5 35 102 205 This work

CS: Chitosan, PAA: poly(acrylic acid), PECM: polyelectrolyte complex membrane, PEI:
polyethyleneimine, PES: polyethersulfone, PD: polydopamine, PVA: polyvinyl alcohol

4.3.5 Characterization of the membrane surface with different bilayers
ATR-FTIR was used to confirm the functional groups of PEI/GO LbL membrane with a
different number of bilayers. Fig 4.13 shows the ATR-FTIR spectra of GO, CI-TFC polyamide
(a), (PEI/GO); LbL (b), (PEI/GO)s LbL (c), and (PEI/GO);> LbL (d) membranes. The
characteristics peaks of GO were observed at 3253 cm™! ( —OH stretching in hydroxyl groups),
1738 cm™?! (C=O0 stretching vibration in carboxyl groups), 1620 cm™!(unoxidized sp? aromatic
C=C bonds), 1418 cm™! (the bending vibration of C-OH) , and 1220 and 1085 cm™? (the stretching
vibration of C—O in epoxy and alkoxy groups, respectively) [161,216]. The characteristic peaks of

the membranes were observed at 1544 cm™ ! (N—H in-plane bending, amide IT), 1598 cm™ ! (C=C
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ring stretching), 1660 cm™ ! (C=0 stretching, amide I) and 3363 c¢cm ! (N—H stretching, amide
IT) which are related to the CI-TFC substrate [168]. The broad peak at ~3363 cm™ ! was intensified
in PEI/GO membrane with different bilayers compared to that of the chlorinated substrate. It can
be assigned to the stretching vibrations of the O—H groups in GO nanosheets and N—H stretching
(amide II) in PEI structure, showing successful assembly of GO on the PEI layer. The intensity of
this peak increased by increasing the amount of GO on the surface layer or number of bilayers

[119,169].
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Figure 4. 13 ATR-FTIR spectra of GO, CI-TFC polyamide (a), (PEI/GO); LbL (b), (PEI/GO)s
LbL (c), and (PEI/GO)12 LbL (d) membranes

The mean surface roughness (Ra) values of the (PEI/GO) membranes decreased with an
increase in the number of bilayers, which was confirmed by the AFM. Fig. 4.14 shows the 3-D
and 2-D images of the surface morphology of the membranes with different bilayers. The bright
and dark regions are peaks and valleys, respectively [170]. The Ra value of the (PEI/GO)

membrane decreased from 41.02 nm to 20.91 nm when the number of bilayers increased from 3
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to 12, respectively. This finding may relate to the depositing PEI and GO preferentially covered

the valley regions of the membranes.
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Figure 4. 14 3D and 2D AFM images of the (a) (PEI/GO)3, (b) (PEI/GO)s, and (c) (PEI/GO)12
LbL membranes, (scanned area: 5 ym X 5 um).
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Furthermore, the water contact angles of the (PEI/GO) membranes with different bilayers were
measured. As shown in Fig. 4.15, all membranes are hydrophilic, and their water contact angles
increased from 41.5° to 54.2° when the number of bilayers increased from 3 to 15, respectively.
This finding may attribute to the increasing content of GO nanosheets on the membrane surface as
the GO nanosheets contain hydrophobic aromatic regions and abundant hydrophilic groups on the
defect regions or around the boundaries [198]. Moreover, the increase of water contact angles was

probably owing to the decrease of surface roughness at a higher number of bilayers.

Figure 4. 15 Water contact angle measurements of (a) (PEI/GO)3s, (b) (PEI/GO)gs, (c)
(PEI/GO)12, and (d) (PEI/GO);s.
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4.4 Conclusions

In this study, PEI/GO LbL membranes with a different number of bilayers have been fabricated
and studied for the dehydration of EG via pervaporation. The impacts of temperature, feed
concentration, and the number of bilayers for pervaporation of binary water/EG, and ternary
water/EG/salt mixtures were examined. The following conclusions may be made:

(1) The alternate deposition of oppositely charged GO and PEI on the chlorinated TFC
polyamide was shown to be successful for assembly of the membrane under electrostatic
interactions and hydrogen bonds between ionized carboxyl groups on GO and protonated
groups on PEIL. The PEI/GO membrane with three bilayers had considerably good
permeation flux and selectivity for the dehydration of EG, presumably due to the dense
ultrathin surface layer.

(2) An increase in feed temperature resulted in a higher permeation flux but a lower separation
factor for the dehydration of EG. The separation factor decreased by temperature for the
separation of binary water/EG solution. However, the reverse was true when salt was present
in the feed because the vapor pressure of water increased more noticeably than the vapor
pressure of EG.

(3) The presence of NaCl in the feed mixture decreased the permeation flux and increased the
water concentration in the permeate. Therefore, pervaporation seemed to be an attractive
technique for simultaneous separating out salt and EG from the feed stream.

(4) Membrane performance could be tailored by adjusting the number of bilayers. Membrane
resistance per bilayer for permeation of water was lower than that for EG (for feed water

concentration of 5 wt%); however, the opposite was true for substrate resistance. As a result,
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with an increase in the number of bilayers, the selectivity of the LbL. membrane could be

improved.
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Chapter 5

Thin film composite membranes via layer-by-layer assembly of graphene

oxide and polyethyleneimine for ethanol and isopropanol dehydration

5.1 Introduction

Pervaporation, a promising membrane-based technology, is applied in three main areas: 1)
dehydration of organic solvents, 2) recovery of organic compounds from water, and 3) separation
of organic-organic liquids [4,10,21]. The dehydration of alcohols is the most developed area of
applications, especially when the feed has only a low quantity of water (<20 wt%) [6,11]. Among
the alcohols, ethanol (EtOH) is the most common renewable biofuel resource [217], and
isopropanol (IPA) is widely used in electronic and pharmaceutical industries where high purity
IPA is needed [218]. Both EtOH and IPA form azeotropes with water at an alcohol concentration
of around 96 and 88 wt%, respectively [3,218]. Some of the physical properties of EtOH, IPA and
water are listed in Table 5.1. Compared with the traditional separation processes such as adsorption
and distillation, pervaporation is generally a cost/energy-effective approach to breaking azeotropes
and removing a trace amount of water [218], mainly because pervaporation is particularly suitable
for removing minor components from the bulk feed [11]. Moreover, the separation mechanism of

pervaporation is based on solution-diffusion, and only the latent heat of evaporation of the
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permeate is needed for the separation. Therefore, pervaporation is not limited by thermodynamic
vapor-liquid equilibrium (VLE) and can be used in the separation of azeotropic or close-boiling
mixtures [4]. Integrating pervaporation with other conventional separation processes appears to be

effective to further improve the separation performance [3].

Table 5. 1 Physical property of EtOH, IPA, and water.

Ethanol Isopropanol ~ Water

Molecular weight (g/mol) 46 60 18
Kinetic diameter (A) 4.3 4.6 2.7
Molar volume (10 m3/mol) 58 76 18
Molecular diameter (nm)?® (25°C) 0.57 0.62 0.39
Hydrogen bonding parameter® (MPa)’> 19.4 16.4 42.3
(25°C)

Boiling point (°C) 78 82 100
Solubility parameter® (MPa ) 26.5 23.5 47.8
Refractive index, nD (25°C) 1.36 1.37 1.33
Vapor pressure (25°C) (kPa) 7.8 5.8 3.1
Heat of vaporization at 1 atm (kJ/mol) 38.6 44.0 40.7

* From reference [75]
®From reference [219].

A key component for dehydration of organic solvents is hydrophilic (or water permselective)
membranes [51], and layer-by-layer (LbL) assembly is one of the well-known methods to fabricate
nanoscale anionic-cationic multilayers on a substrate through sequential deposition of oppositely
charged polyelectrolyte solutions or nanoparticle suspensions [77,194]. LbL membranes have a
significant affinity to water molecules, and the deposited nanolayers offer improved water

transport through the membrane [11,220]. The main driving force for the assembly buildup is
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coulombic (electrostatic) interactions between oppositely charged ions, and hydrogen bonding is
another means of assembly [51]. This bottom-up approach was first introduced by Iler [221], and
it received great attention for nanoassembly after work of Decher et al. [77,82]. In 1998, Tieke et
al. used LbL membranes for pervaporative separation of EtOH/water [222]. Since then, a variety
of LbL membranes have been successfully prepared for gas separation [222,223], pervaporation
[222,223], reverse osmosis (RO) [119], forward osmosis [17], and nanofiltration (NF) [16,198].
The LbL membranes are prone to swelling when exposed to alcohol/water mixtures due to
their hydrophilic nature. Both water and alcohol are polar and can swell the polyelectrolyte layers.
Therefore, nanolayers formed by cation-anion interactions are not stable when extreme swelling
and interchain stretching occur, resulting in a low selectivity [51,75]. Kim et al. [224] described
that polyelectrolyte multilayer performed differently for the organic/water mixtures, and the
polymer coils can be softened or contracted in different organic solvents. Zhang et al. [75]
confirmed that EtOH and IPA can wash away some polyelectrolyte macromolecules deposited
onto polyamide membranes, and Poptoshev et al. [225] showed that polyelectrolytes multilayers
may disassemble in certain organic solvents, resulting in the film collapse. In such cases, chemical
crosslinking may be used to alleviate membrane swelling and to augment membrane stability and
performance [75,226]. Membrane crosslinking restricts polymer-chain mobility and leads to stiffer
more-compact membrane structures. Crosslinked membranes usually show a lower permeation
flux and higher separation factor because of increased diffusion resistance after crosslinking
[57,220,227]. Aldehydes are often used as crosslinking agents as they are highly reactive with
many functional groups in polymers commonly wused for pervaporation membranes

[57,75,216,228-230].
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To prepare membranes via LbL assembly, selecting appropriate substrates and polyelectrolytes
are of primary importance. In this study, thin film composite (TFC) polyamide membrane was
chosen as a substrate because of its negative surface charge, which favors the deposition of
polycation. Moreover, the number of polyelectrolyte depositions needed to prepare a defect-free
permselective membrane was reduced due to its thin dense skin layer [75,119]. Graphene oxide
(GO) and polyethyleneimine (PEI) were used as the anionic and cationic depositing components,
respectively. GO nanosheets hold a unique carbon nanostructure with abundant hydrophilic
functional groups, allowing faster passage of water. In addition, GO nanosheets functioned as
polyanions when dispersed in water due to the ionization of hydroxyl and carboxyl groups.
Consequently, the nanosheets can interconnect with polycations (e.g., PEI) through electrostatic
attraction and hydrogen bonding [17,108,138,194]. Therefore, GO may be used as an appropriate
candidate anionic nanomaterial to offer a solid “brick-and-mortar” LbL structure. On the other
hand, PEI is a polycation due to its amine functional groups in the backbone, and its hydrophilic
nature makes it a popular choice for constructing water-permeating membranes. To improve the
performance of the prepared LbL membranes, glutaraldehyde (GA) was used as a crosslinking
agent. GA can react with the amine groups in PEI and hydroxy groups in GO, as schematically
illustrated in Fig. 5.1 [75,216,231].

To our best knowledge, no reports are currently available in the literature on the preparation of
PEI/GO LbL membranes assembled on a TFC substrate and chemically crosslinked with GA for
alcohol dehydration via pervaporation. The objective of this research was to fabricate PEI/GO LbL
membranes by crosslinking each bilayer for EtOH and IPA dehydration. The effects of
crosslinking conditions (e.g., temperature, time, and crosslinker concentration) on the permeation

flux and separation factor were investigated, and the effects of the interactions of these factors
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were evaluated through a two-level factorial design. The results were used to find the optimal
ranges of the crosslinking parameters by considering the trade-off between permeation flux and
separation factor. Then, a membrane prepared within the proposed optimal ranges was further
studied for pervaporation separation. The as-prepared membrane was initially tested to compare
its performance for the alcohol dehydration at different feed concentrations and operating
temperatures. The effects of the number of bilayers on the membrane performance were then
investigated to correlate membrane thickness, mass transfer resistance, permeation flux, and
selectivity. Water sorption uptake was measured to study the degree of swelling of the bilayers.
The long-term stability of the crosslinked membrane was also investigated. The morphology and
hydrophilicity of the (PEI/GO) LbL membranes with different bilayers were examined using

atomic force microscopy (AFM) and contact angle measurements, respectively.

0 COOH H
H . /
/ ¢ \/\/ §0
HoOC OH N o
N

GO nanosheet Polyethyleneimine

__________________________________________

Figure 5.1  Schematic crosslinking mechanism of (a) graphene oxide, (b) polyethyleneimine,
and (c) polyethyleneimine and graphene oxide with GA.
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5.2 Experimental
5.2.1 Materials

A commercial thin-film composite polyamide membrane produced by interfacial
polymerization (supplied by GE water) was used as a substrate. Graphite flakes were obtained
from Alfa Aesar Chemical Manufacturing Company. Graphite was oxidized into GO using
potassium permanganate (KMnQO4,>99% Merck), phosphoric acid (H3POs, 85% solution in water,
Acros), hydrogen peroxide 30% (H202, 30%, Sigma-Aldrich) and sulfuric acid (H2SO4, 95-98%,
Sigma-Aldrich) [153]. The synthesized GO nanosheets were rinsed with hydrochloric acid (HCI,
37%, Merck), ethanol (Sigma-Aldrich) and De-ionized (DI) water. Branched polyethyleneimine
(PEI average My, ~ 25,000, Sigma-Aldrich) was used as a polycation. The TFC polyamide surface
was then treated with sodium hypochlorite solution (NaClO, 14.5% available chlorine, BDH
Chemicals) before being used as a substrate for LbL assembly. GO suspension was used as an
anionic component at its natural pH (~ 6), and the prepared GO solution was well-sonicated for 15
min before use. Glutaraldehyde (GA, 25% in water, Sigma-Aldrich) was employed as a
crosslinking agent. Isopropanol was purchased from Fisher Scientific. Aqueous solutions of

alcohols with desired feed concentrations were prepared with DI water.

5.2.2 The preparation of GO/PEI LbL membrane preparation

GO nanosheets were produced from graphite powder following an improved method [153],
resulting in a large amount of hydrophilic oxidized graphene materials with fewer defects in the
basal plane as compared to GO prepared by the original Hummers’ method [153,154]. The uniform
GO solution was diluted to the desired concentration before use. Fig. 5.2 is a schematic of the LbL
process for membrane preparation. The TFC polyamide support membrane was initially treated

with an aqueous chlorine solution, (sodium hypochlorite concentration 6000 ppm), for 30 min to
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impart a strong negatively charged surface (denoted as CI-TFC). The active polyamide skin layer
became thinner and less compact through controlled chlorination [143,152]. The CI-TFC substrate
was then soaked in DI water overnight to remove sodium hypochlorite residue. To build up an
individual bilayer, the CI-TFC polyamide substrate membrane was brought into contact with: (a)
a solution of cationic PEI (0.02 monomol/L, 45 min), (b) pure water (15 min), (c) a solution of
anionic GO (100 ppm, 45 min), and (d) pure water (15 min), respectively. To fabricate a
crosslinked LbL membrane, GA solutions at given concentrations were brought into contact with
the membrane after steps (b) or (d). It should be mentioned that each crosslinking step was also
followed by rinsing with DI water. Deposition of the solutions onto the membranes was carried
out in a stainless steel membrane cell. The thin separating structure of the membrane was built up
by the repetition of the sequential deposition steps. In each deposition step, a polyelectrolyte or
GO layer was adsorbed to induce surface charge reversal [232]. The resulting membranes were
dried in a vacuum oven at 45°C overnight. For convenience of discussion, the crosslinked LbL
membrane was designated as XL(PEI/GO),, where z refers to the number of PEI/GO bilayers, and

the LbL. membrane without crosslinking was denoted as (PEI/GO)..
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Figure 5.2  Schematic diagram for membrane fabrication.

5.2.3 Membrane characterization

The surface hydrophilicity of membranes with different numbers of bilayers was evaluated by
conducting static contact angle measurement with a contact angle goniometer (VCA 2500 XE,
AST Products) at room temperature. The average value of contact angles at three arbitrary
locations was reported for each membrane sample using an average water droplet size of 2 uL.
The surface morphology and roughness of the membranes were characterized using atomic force
microscopy (AFM) (Bruker Innova, USA). To confirm the chemical structures of GO nanosheets
and LbL membranes, Fourier Transform Infrared spectroscopy (FTIR, Bruker Tensor 27 IR) was
used over a wavelength range of 500 to 4000 cm™1.

The sorption uptake of water in the PEI/GO bilayers was measured as follows: (1) samples of

the same area of the CI-TFC substrate (W1) and XL(PEI/GO)7 (W2) were dried in a vacuum oven

overnight to remove the moisture, (2) the pre-weighed dry membranes was immersed in DI water
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at room temperature for 48h to allow the membranes to reach sorption equilibrium, (3) After gentle
wiping dry of water drops off the membrane surface with tissue papers, the weights of the CI-TFC
substrate (W3) and XL(PEI/GO)7 (W4) were determined. The degree of swelling (S) of the PEI/GO
bilayers in water was determined with regard to water sorption uptake in the bilayers per g of the

surface of the bilayer:

_ (Wy—W3)—(Wp—Wy)
(W —Wwr1)

S

(5.1)

5.2.4 Pervaporation study

Pervaporation experiments were performed for the separation of EtOH/water and IPA/water
mixtures. The dehydration performance of the LbL. membranes measured in terms of permeation
flux (/) and separation factor («). The membrane area for permeation was 17.4 cm?, and it was
mounted in the permeation cell with the PEI/GO bilayers facing the feed solution. The downstream
side was evacuated using a vacuum pump and maintained below 0.1 kPa absolute. The permeate
vapor was collected periodically at specific time intervals using cold glass traps immersed in liquid
nitrogen, and the permeate sample was analysed using an Atago 3810 refractometer. The total
permeation flux was determined from the weight of collected permeate (V) over a period of time
(0):
J =Y/t (5.2)
where 4 is membrane area for permeation.
The separation factor, which measures the extent of the pervaporation separation, is determined

as:

_Y/(1-Y)
a= 3w (5.3)
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where X and Y are the mass fraction of water in the feed and permeate solutions, respectively. The
partial fluxes of alcohol and water can be found from the permeate composition and total flux. The
experimental data, recorded when no further difference in the permeate flux and composition could
be detected, represent an average of five measurements under identical conditions. Note that water-
enriched permeate removed by the membrane was compensated for by adding the same amount

into the feed to maintain a constant composition during each experimental test.

5.2.5 Factorial design study

In order to assess the impacts of individual factors involved in membrane crosslinking (i.e.,
concentration, time and temperature) on the permeation flux and separation factor, a two-level
factorial design was considered to provide additional information on the potential interactions that
can hardly be identified using the classical “one-variable-at-a-time” method [233]. A total of eight
experiments were performed to capture all combinations of the levels of the factors. The variable
factors and their values are presented in Table 5.2, where the codes “+” and “-” indicate the “high”
and “low” levels of a factor, respectively. Table 5.3 presents the experimental design where three

replicates were conducted for each run.

Table 5.2 Variables, their coded levels used in the factorial design.

Variables - +
A Crosslinker concentration (wt%) 03 2
B Crosslinking time (h) 0.16 2
C Crosslinking temperature (°C) 22 55
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Multiple linear regression (MLR) analysis was used to determine the relationship between the
response (i.e., flux and separation factor) and the variables. Based on fitting a linear function with
respect to main and interaction coefficients for each response, MLR is commonly used to estimate
the coefficient of model parameters. The significance of each model term is then assessed through

the analysis of variance (ANOVA) table (Appendix E).

Table 5. 3 Experimental runs and results for two-level factorial study for EtOH dehydration
at 22° C and feed concentration of 98 wt% EtOH.

Membrane Factors Responses
No. A B C J (g/m*h) a
N1 - - - 1231 37.6
N2 - + - 639 69.4
N3 + - - 802.3 57.5
N4 + + - 339 113.2
N5 - - + 1055 48.4
N6 - + + 536 99.5
N7 + - + 754 82.4
N8 + + + 279 128.5

Since the interaction terms are considered in the MLR analysis, the data are normalized with
respect to the mean and standard deviation of each parameter to provide a comparable coefficient
for each term as the scales of the factors are different. In the present study, Data Analysis Toolpak
and Minitab (Minitab® 17.2.1) were used to determine main effects (i.e., A, B and C), two-way

interactions (i.e., AB, AC, and BC) and three-way interaction effect (ABC).
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5.3 Results and discussion
5.3.1 Experimental design for ethanol dehydration

Table 5.3 shows the pervaporation results for EtOH dehydration with the eight membranes
prepared based on a 23 factorial design. For ease of comparison, the separation factor is also plotted

against corresponding permeation flux in Fig. 5.3.

150
] N8
125 - X
y * N4
— 100 xN6
[e]
B ] N7
8 X
c 75
2 N2 X
5 5 X N5
] N3 X
n ] « N1
25
0 —
0 250 500 750 1000 1250 1500

Permeation flux (g/m? h)

Figure 5.3  The membrane separation factor vs. permeation flux. The membrane numbers are
given in Table 5.3.

Table 5.4 shows the MLR analysis for individual response. In statistics, a probability value (p-
value) can be viewed as the probability that the relationships in data are caused by chance. A p-
value for each term tests the null hypothesis that the coefficient is equal to zero (no effect). A small
p-value (<0.01, for a 99% confidence interval) means that a result is most probably not caused by
chance, indicating that there is an underlying relationship in the data [234]. A small p-value
indicates that the null hypothesis can be rejected. In other words, a factor that has a smaller p-value

is likely to have a more significant impact as the changes in the factor’s value are related to the
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changes in the response variable. Conversely, a larger (insignificant) p-value suggests that changes
in the factor are not associated with changes in the response. The impacts of all three individual
factors are statistically significant on the flux and separation factor since the p-values are smaller
than 0.01. Among the interaction terms, BC is not significant for the flux, and AC is insignificant
for the separation factor (p-value > 0.01). Using the coefficient values calculated by ANOVA, the

linear model for 23 factorial designs can be expressed as (Appendix E):

J=703.26 — 165.93A — 260.43B — 47.89C + 23.26AB + (5.4)
24.46AC+ 7.32BC — 12.80ABC (R?>0.99)
o =79.52+16.14A + 23.58B + 10.34C + 2.394B — (5.5)
0.04AC + 1.21BC — 3.834ABC (R?>0.99)

Table 5. 4 ANOVA table for the MLR analysis on the permeation flux and separation factor
for EtOH dehydration.

Flux, J Separation factor, a

Terms Coefficients P-value Coefficients P-value
A -165.93 <0.0001 16.14 <0.0001
B -260.43 <0.0001 23.58 <0.0001
C -47.89 <0.0001 10.34 <0.0001
AB 23.26 <0.0001 2.39 <0.0001
AC 24.46 <0.0001 -0.04 0.3510

BC 7.32 0.0307 1.21 <0.0001
ABC -12.80 0.0009 -3.83 <0.0001
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As mentioned earlier, a smaller value of p means a more significant impact on membrane
performance. The significance of model parameters that indicate which terms have a higher impact
on the responses was determined and then visualized through re-scaling of p-values (i.e., —logio(p-

value) (Fig. 5.4).
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Figure 5. 4 Contribution plot of individual and interaction terms for: (a) flux, and (b) separation
factor.
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Based on the factorial design results, the following observations can be made for the separation of
EtOH/water mixtures:

(1) The main effects are more significant than the interaction effects for both permeation flux
and separation factor, and the impact of the interaction effects cannot always be neglected
though.

(2) The main effect B (i.e., crosslinking time) is the most significant parameter affecting both
flux and separation factor. Crosslinker concentration is the second-largest contributor, and
crosslinking temperature is the least important. The main reasons for these changes are
discussed in details at the end of this section.

(3) Most effects have opposite signs for the MLR coefficients with respect to the permeation
flux and separation factor, which agrees with the common trade-off relation observed.

It may be pointed out that a factorial design experiment can effectively reveal the significance of
factors influencing the membrane performance, which ultimately helps to optimize the membrane,
but the results cannot be extrapolated beyond the range of study due to the linearity assumption
used in the data analysis [233,235].

The negative/positive impacts of an individual parameter on the membrane performance are
also represented in Fig. 5.5 (main effects) and Fig. 5.6 (interaction effects). All these factors have
a negative correlation with the flux, meaning an increase in such a factor results in a lower flux
(Fig. 5.5a). Conversely, these factors correlate positively with the separation factors (Fig. 5.5b).
Table 5.5 shows the swelling degrees of the PEI/GO bilayers in water at different crosslinking
conditions. The degree of swelling in water for (PEI/GO); membrane without crosslinking was
7.85 +0.1 (g water/g bilayers). Increasing the crosslinking time and temperature or/and

crosslinker concentration augments the degree of crosslinking and decreases the degree of
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swelling. The space between polymer chains decreased in the crosslinked membranes, which
enhanced membrane rigidity and compactness. Accordingly, the penetrant molecules (i.e., EtOH
and water) were less permeable due to the increased diffusion resistance and reduced free volume.
Moreover, the larger molecules (i.e., EtOH) became increasingly difficult to pass through the

crosslinked membrane, resulting in a higher separation factor [3].
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Figure 5.5  Main effect plots for (a) flux and (b) separation factor.
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Table 5. 5 Sorption uptake of water in PEI/GO bilayers (seven bilayers) at different
crosslinking conditions.

Crosslinking condition Degree of swelling in
Reaction time (h)  Concentration (wt%) Temperature (°C) Watirﬂ(fy :;gter/g
0.16 2 22 5.66 +0.01
0.5 1 22 6.28 +£0.05
0.5 2 22 4.58 +0.07
1 2 22 445+ 0.04
2 2 22 3.50 £ 0.06
1 0.3 55 4.00 + 0.08
1 1 55 3.40 +0.01

The interaction effects indicate how the relationship between an individual parameter and the
response depends on the value(s) of one or more factors. Fig. 5.6 displays the mean values of the
responses (i.e., permeation flux and separation factor) on the y-axis for the levels of one factor on the
x-axis and a separate line for each level of other factors. Parallel lines in these plots indicate no
interaction among these factors, while non-parallel lines show the possibility of interactions. The
greater the departure from parallel indicates a stronger interaction effect. Based on the data in Fig.
5.6, most of the lines in the interaction plots appear to be parallel, and there is no clear evidence
of an interaction between the main factors of the study between the considered levels. That is, the
effects of crosslinker concentration and temperature and time of crosslinking reaction on the flux
and separation factor are not influenced by other factors. Based on interaction plots, there seems
to be no interaction among the individual factors for the selected ranges.; however, there may be
a chance for the interaction of concentration and temperature (AC term) at concentrations higher

than 2% (Fig. 5.6a).
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Figure 5. 6

Interaction plots for (a) flux and (b) separation factor.

As mentioned earlier, the impact of concentration and time on both flux and separation factor
is more significant than that of temperature (Fig 5.5 and 5.6). To further assess the overall effect

of concentration and time on the responses over the selected ranges, additional experimental
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studies were also carried out by considering the crosslinker concentration and time over a broader

range, while keeping crosslinking temperature fixed at room temperature (22 °C).

5.3.2 Effects of crosslinker concentration and reaction time on ethanol
dehydration performance

The effects of GA concentration (in the range 0.3-2wt%) on the pervaporation performance
were studied using the (PEI/GO)7; LbL membrane crosslinked at a constant time of 0.5 h, and the
effects of crosslinking time were studied (over a period of 0.16-2.0 h) using the (PEI/GO)7; LbL
membrane crosslinked at 2wt% of GA. The flux and separation factor of these membranes were

tested at feed water concentrations of 2, 6, 12, and 20 wt%.
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Figure 5.7  Effects of GA concentration on (a) flux and (b) separation factor. Crosslinking
temperature: 22 °C, crosslinking time: 0.5h.
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Fig. 5.7 shows the total permeation flux and separation factor at various feed concentrations as
a function of GA concentration. With an increase in GA concentration, the total flux tends to
decrease while the separation factor increases. These changes are less significant above a GA
concentration of 1 wt%. The increase in the separation factor is more noticeable at lower feed

water concentrations than higher feed water concentrations.
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Figure 5.8  Effect of crosslinking time on the (a) flux and (b) separation factor. Crosslinking
temperature: 22°C, crosslinker concentration: 2wt%.
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Fig. 5.8 shows the total fluxes and separation factors of the membranes at different feed
concentrations as a function of GA reaction time. Comparing Fig. 5.7 with 5.8, similar trends are
observable for both fluxes and separation factors with increasing reaction time. These findings can
be attributed to an increased crosslinking degree. The degree of crosslinking increases over time
and GA concentration since the GA molecules are able to penetrate deeper into the membrane. In
principle, as the crosslinking density increases, the PEI chains and GO nanosheets are restricted,
resulting in more packed structure of the membrane that is increasingly resistant to the penetrant
molecules. Therefore, the permeation fluxes decrease and the separation factors increase. Due to
the trade-off relation, the membrane fabrication conditions can be optimized based on the
permeation flux or separation factor, but rarely both. Membranes with a 0.5 h crosslinking time
and 1.0 wt% of GA concentration were selected for further study. The membranes crosslinked at
room temperature (22°C) were used in subsequent studies. Further investigations were performed

to determine the suitability of the membrane for EtOH and IPA dehydration.

5.3.3 Effects of feed concentration on the dehydration of ethanol and
isopropanol

Figs. 5.9-5.12 show the total permeation flux, water concentration in permeate, water partial
flux and separation factor of XL(PEI/GO); LbL membranes for the dehydration of EtOH and IPA,
respectively, as a function of feed water concentrations at 22 °C. For comparison, the results of un-
crosslinked (PEI/GO)7; LbL membrane are also provided. The flux and separation factor showed
similar trends for both EtOH/water and IPA/water mixtures when the feed water concentration is
increased. The crosslinked membrane had a lower permeation flux than the un-crosslinked

membrane over feed water concentration tested (2.0 to 20.0 wt%); however, the separation factor
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increased significantly. For instance, at a feed water concentration of 2wt% in EtOH/water
mixture, the un-crosslinked membrane showed a total permeation flux of 1369 g/m’h and the
separation factor of 30; whereas the crosslinked membrane showed a total permeation flux of 571
g/m?h and the separation factor of 87. At a feed water concentration of 2wt% in IPA/water mixture,
the un-crosslinked membrane showed a total permeation flux of 1266 g/m*h and the separation
factor of 58; whereas the crosslinked membrane showed a total permeation flux of 495 g/m?h and
the separation factor of 209. The total permeation flux is manipulated mainly by the water flux.
The driving force (fugacity) of water increases at the feed side, while that of alcohol decreases as
the feed water content increases (Appendix C). In addition, the higher water permeation is partially
due to the relatively small kinetic size of water molecules and the stronger affinity between water
and the membrane surface. The separation factors of both un-crosslinked and crosslinked
membranes decreased with an increase in feed water concentration. These membranes are
hydrophilic and will swell with an increase in water concentration. Therefore, both water and
alcohol permeant molecules can diffuse through the membrane with less effort, leading to a decline
in the separation factor. However, the outmost skin layer became more selective after crosslinking,
causing a more than threefold increase in the separation factor for the dehydration of EtOH and

IPA.

129



a) 3000
@ Un-crosslinked

A  Crosslinked

2500

2000

Total flux (g/m* h)

N -
o (&)
o o
o o
| |

500

b) 100
90 4
80 -
70
60 -
50 4
40 4
30 -
20 -
104
oO+——7——7—7 7171 T T T T
0 2 4 6 8 10 12 14 16 18 20 22
Feed water concentration (wt%)

Water wt% in permeate

Figure 5.9  Effects of feed water concentration on (a) total permeation flux and (b) water
concentration in permeate for the un-crosslinked and crosslinked (PEI/GO); membranes. Feed:
EtOH/water. Crosslinking conditions: temperature 22 °C, concentration 1 wt%, and time 30min.
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Crosslinking conditions: temperature 22 °C, concentration 1 wt%, and time 30min.
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Figure 5. 11  Effects of feed water concentration on (a) total permeation flux and (b) water
concentration in permeate for the un-crosslinked and crosslinked (PEI/GO); membranes. Feed:
IPA/water. Crosslinking conditions: temperature 22 °C, concentration 1 wt%, and time 30min.
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Figure 5. 12 Effects of feed water concentration on (a) water partial flux and (b) separation
factor for the un-crosslinked and crosslinked (PEI/GO); membranes. Feed: IPA/water.
Crosslinking conditions: temperature 22 °C, concentration 1 wt%, and time 30min.

At a given feed water concentration, the total permeation flux for EtOH dehydration is higher
than that for IPA dehydration, and this can be attributed to the alcohols molecular sizes (Table
5.1). EtOH can diffuse through the membrane faster than IPA. Additionally, based on the hydrogen

bonding parameters of the permeants, water has the highest hydrogen bonding capacity, followed
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by EtOH and then IPA. This implies that water has a strong affinity to the hydrophilic LbL
membrane. Also, EtOH has a higher solubility in the membrane than IPA, resulting in a greater
membrane swelling effect from the EtOH/water mixture. In terms of separation factor, it is easier
to separate out the alcohol with larger molecules [236]. Thus, EtOH can form clusters with water,
which then pass through the membranes [21]. As a consequence, the EtOH/water mixture has a
lower separation factor and higher flux than the [IPA/water mixture. In terms of water partial flux,
at a given feed water concentration (wt%), the driving force of water in the IPA/water mixture is

higher than that of water in the EtOH/water mixture (Appendix C).

5.3.4 Effects of feed temperature on dehydration performance of ethanol and
isopropanol

Figs. 5.13-5.16 show the EtOH and IPA dehydration performance of the XL(PEI/GO);
membrane, respectively, as a function of temperature at various feed water concentrations. Similar
trends can be observed with an increase in temperature. The permeation fluxes of both the water
and alcohols increased as the temperature increased from 22 to 60°C. The partial vapor pressure
difference between the feed and permeate is considered to be the driving force. The partial vapor
pressures of both water and alcohols increased as the temperature augmented, which enhanced the
driving force for mass transport through the membrane. Moreover, the permeant molecules have
more kinetic energy at higher temperatures, leading to faster molecular diffusion. At a given feed
water concentration, temperature affected the flux of alcohol relatively more than that of water;
therefore, the separation factor slightly decreased. The total permeation flux in EtOH/water
mixture is higher than the total permeation flux in [PA/water mixture, and the opposite is true for

the separation factor.
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Figure 5. 13 Effects of temperature on (a) total permeation flux and (b) separation factor for
separation of water from EtOH using XL(PEI/GO); membrane at different feed water
concentrations.
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Figure 5. 14  Effects of temperature on permeation fluxes of (a) water and (b) EtOH using
XL(PEI/GO)7 membrane at different feed water concentrations.

The temperature dependence of the permeation flux follows an Arrhenius type of relationship:

Ej

J =JoeCRP (5.6)

where ], is the pre-exponential factor, R is the gas constant, T is the absolute temperature, and E;
is the apparent activation energy for permeation that depends on the activation energy for diffusion
and the heat of sorption [171]. E; represents the overall effects of temperature on the permeation
flux. Tables 5.6 and 5.7 summarize the apparent activation energies, E;, for the permeation of

alcohol and water in the EtOH/water and IPA/water mixtures, respectively. There is a small
variation in the apparent activation energies for both the water and alcohols permeation flux with

an increase in the feed water concentration. The activation energy for water permeation is lower
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than that for alcohols permeation (i.e., E; yater < E;aiconor)- Water has a smaller kinetic molecule

size than both alcohols and needs to overcome a lower energy barrier to diffuse through the

membrane. Comparably, the E; gop is lower than E; ;p, at different feed water concentrations.

Table 5. 6 Activation energies of permeation of water and EtOH based on permeation flux and
permeance through XL(PEI/GO); at different feed water concentrations.

Feed water concentration E; water Ep water E; gron Ep Eton
(wt%) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
2 23.7 -20.2 25.7 -19.7

6 223 -22.0 25.8 -19.8

12 24.6 212 25.8 -19.6

Table 5. 7 Activation energies of permeation of water and IPA based on permeation flux and
permeance through XL(PEI/GO); at different feed water concentrations.

Feed water concentration E; water Ep water Ej1pa Ep 1pa (kJ/mol)
(Wt%) (kJ/mol) (kJ/mol) (kJ/mol)

2 23.9 -19.7 26.3 -15.8

6 24.7 -21.1 26.7 -15.5

12 22.6 -19.0 27.1 -15.0
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Figure 5. 16  Effects of temperature on permeation fluxes of (a) water and (b) IPA using
XL(PEI/GO)7 membrane at different feed water concentrations.

The permeance of the membrane, from calculated permeation flux normalized by the driving
force, and the temperature dependence of membrane permeance was found to follow Arrhenius

type relationship [171]:

(ﬂ) _ Ji _ (ﬂ) o) (5.7)

L Pixiyi— pPy; L
P; .
where (T‘) ,0° ., v, P, Ep, x and y are, respectively, the permeance of the membrane to permeant

i; the saturated vapor pressure of pure component i (calculated from the Antoine equation); the
activity coefficient in the liquid phase (calculated by using the Wilson equation of state with the

help of Aspen Plus; the permeate vapor pressure (which is generally negligible in pervaporation);
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the activation energy (based on membrane permeability); and the mole fraction of water in the feed

and permeate.
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Figure 5. 17 Effects of temperature on permeance of water and alcohols through the
XL(PEI/GO)7; membrane at different feed water concentrations: a) EtOH/water mixture, and b)
IPA/water mixture.

Fig. 5.17 shows the calculated membrane permeance for different feed mixtures of EtOH/water
and IPA/water, as a function of reciprocal temperature. The E, data for the permeants in EtOH
and IPA dehydration are also shown in Tables 5.6 and 5.7. The permeance of water in the
membrane is well over the permeance of the alcohols. The membrane permeance tended to
decrease with an increase in temperature for both alcohols and water (to a greater extent), implying
that temperature has a negative impact on the membrane permeance. Based on the solution-

diffusion model, the permeability coefficient is equal to a product of the diffusion and solubility
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coefficients. Thus, E,, is equal to the activation energy for diffusion (Ep) plus the heat of sorption
(AHy) (i.e., E, = Ep + AHy) [31]. Whereas E, has a positive value, the enthalpy of sorption (AHy)
can be negative or positive depending upon whether the sorption process is exothermic or
endothermic. Negative values of E), for both water and alcohol permeation imply that the sorption
process is exothermic (i.e., AHg < 0) and temperature affects exothermic sorption more than it
affects diffusion, causing a decline in the membrane permeance. Moreover, the increase in
permeation flux of each component with temperature is predominantly related to the increased
saturated vapor pressure and thus the increased driving force for permeation. Similar phenomena
for dehydration of EtOH and IPA via pervaporation were reported previously [236]. In addition,
Tables S1 and S2 (Appendix C) show the calculated driving forces (fugacity) for individual
component transport at different feed water concentrations and temperatures, which is aligned with

the results in Fig 5.17.

5.3.5 Importance of number of bilayers on pervaporation performance

The pervaporation performance of XL(PEI/GO), membranes with different numbers of
bilayers was assessed for dehydrating an alcohol solution containing 6 wt% water at 50°C. Figs.
5.18 and 5.19 show the partial fluxes, total flux, and separation factor as a function of the number
of bilayer for dehydrating EtOH and IPA, respectively. Based on the results, the total permeation
flux tends to decrease, while the separation factor steadily improves as the number of bilayers
increases. For instance, the total flux of the EtOH/water and IPA/water mixtures decreased by 42%
(from 2670 to 1539 (g/m?h)) and 35% (from 1964 to 1452 (g/m?h)), respectively, when the number
of bilayers was increased from 3 to 14. The separation factor increased by about 65% (in the

EtOH/water mixture from 26 to 75, and in the IPA/water mixture from 62 to 180).
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Figure 5. 19  Effect of the number of bilayer on the (a) partial fluxes of water and IPA and (b)
total flux and separation factor, feed water concentration: 6 wt%, feed temperature: 50 °C.

The thickness of the active layer of the membrane increases with the number of the bilayer,
and the inverse of permeation flux is proportional to the membrane thickness [213]. Based on the
resistance-in-series model [10], the overall mass transfer resistance of a component in a composite

membrane is the sum of the mass transfer resistance of the bilayer and the substrate. A straight line

142



is obtained by plotting the inverse flux as a function of the number of bilayers (Fig. 5.20). From
the slope of the line, the mass transfer resistance related to per bilayer can be determined, and from
the intercept of the line, the mass transfer resistance of the substrate can be calculated [212]. Based
on the results (Table 5.8 and Appendix D), the mass transfer resistance of the alcohols per bilayer,
and the substrate were much higher than that of water. As expected, the mass transfer resistance
also increased for water and alcohols when the number of bilayers increased. The straight lines
suggest that the bilayer build-up was uniform. Moreover, when the number of bilayers increases,
the diffusion pathway length also increases, as does the diffusion resistance for water, EtOH and
IPA molecules, leading to a decrease in the permeation flux [213]. The more significant decline in
the alcohol flux can be attributed to the alcohols having larger sizes than water (Table 5.1). Since
the overall mass transfer resistance is affected by the mass transfer resistance in the bilayers, the
separation factor depends on the membrane thickness as well. The membrane performance can be
fine-tuned by controlling the number of bilayers. Table 5.9 compares the pervaporation
performance of the XL(GO/PEI), LbLL membrane prepared in this research with those of other

membranes reported in the literature.

Table 5. 8 Membrane resistance for permeation of different alcohol/water mixtures. Feed
composition: 6 wt% water, operating temperature: 50 °C.

Mixture Component Resistance per bilayer (%) Substrate (%)
1 EtOH 2.96x10! 1.15x10°!

Water 1.18x1073 3.98x107?
2 IPA 6.88%x10°! 7.00x 10!

Water 1.10x1073 6.22x107?

143



0.005

|@ O EtOH
ot @ Water
oo
= 0.004
2 - o
X
S| dioi y = 0.00025x + 0.000097
s R?=0.98
'ﬁ J
=
S 0.002
o
g ; y = 0.000016x + 0.00056
© Ly
< 0001{ < RS
0.000 T T T T T T T T y T T T
0.010
{b) O IPA
0.009 4 @ Water
@ .
= 0.008-
» ]
— 0.007- y = 0.00055x + 0.00056
35 1 2
€ 0.006- R =098
S 1
T 0.005-
B ]
o 0.004 - <o
Q_ -
£ 0.003
g — < y = 0.000011x + 0.00061
S5 et R*=0.97
0.0014 & - o & °
0000 1 1 $ ] ] ¢ 1 & 1
2 4 6 8 10 12 14

Number of bilayers
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Table 5.9 Performance benchmarking of the XL(PEI/GO), membranes with pervaporation
membranes in the literature for different alcohol/water mixtures.

Membrane Substrate  Feed solvent J(g/m*h) « T(°C) Ref.
content (wt%)

EtOH/water

Sodium - 95 70 1110 60 [235]

alginate/chitosan

(PEI/PSS)s0 PAN/PET 93.8 540 21 58.5 [223]

(PAM/PAA)3 CA 90 100 80 25 [237]

(PEI/PAA)4 PES 95 374 18 40 [64]

(PEI/PAA),52 PAN 95 314 604 70 [63]

(PEI/GO), CI-TFC 98 1770 77 60 This study

(PEI/GO)14 CI-TFC 94 1540 75 50 This study

IPA/water

Sodium - 90 554 2010 60 [235]

alginate/chitosan

(PEI/PSS)s PA-6° 70 1430 6.6 50 [238]

(PEI/PAA)s PA-6° 70 670 3330 50 [238]

(PEI/PAA)s PAN 92.1 500 2900 50 [12]

(PDDA/PSS)s PA-6° 70 1850 2.7 50 [238]

(PEI/GO); CI-TFC 98 1494 197 60 This study

(PEI/GO)14 CI-TFC 94 1336 180 50 This study

PSS: poly(styrene sulfonate sodium salt); PAN: polyacrylonitrile; PET: polyethyleneterephthalate
;  PAM: polyallylamine; PAA: polyacrylic acid ; CA: cellulose acetate; PDDA:
poly(diallyldimethylammonium chloride).

@ The membrane prepared by dynamic LbL adsorption; ® Carboxyl functionalized polyamide-6.
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Figure 5. 21  Water contact angle on (a) (PEI/GO)7, (b) XL(PEI/GO)3, (c) XL(PEI/GO)7, (d)
XL(PEI/GO)10, and (e) XL(PEI/GO)14 membranes.

The water contact angle on the crosslinked membranes with different bilayers was measured.
For comparison, the contact angle on the un-crosslinked LbL membrane was also provided. As
shown in Fig. 5.21, all membranes were hydrophilic with water contact angles less than 90°. The
water contact angle of the (PEI/GO) membrane with seven bilayers increased from 47.1° to 55.2°
after crosslinking with GA. The contact angle in the crosslinked membranes increased to 67° after
deposition of 14 bilayers. These results may be attributed to the hydrophobic carbon chain of GA
[216]. Moreover, crosslinking the GO layer decreased the amount of hydroxyl groups on the GO
nanosheets that can form strong bonds with water.

Fig 5.22 shows the FTIR spectra of the XL(PEI/GO); LbL (a), (PEI/GO); LbL (b) and chlorine-
treated TFC polyamide membranes (c). For comparison, the FTIR spectrum of GO nanosheets was
added (inset) in the figure. The characteristic peaks of GO were observed at 3253 cm™! ( —OH
stretching in hydroxyl groups), 1738 cm™! (C=0 stretching vibration in carboxyl groups), 1620
cm ™1 (unoxidized sp? aromatic C=C bonds), 1418 cm™! (the bending vibration of C-OH) , and

1220 and 1085 cm™? (the stretching vibration of C—O in epoxy and alkoxy groups, respectively)
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[161,216,239]. The characteristic peaks of the membranes were observed at 1544 cm™ ! (N-H in-
plane bending, amide II), 1598 cm™! (C=C ring stretching), 1660 cm™!' (C=O0 stretching, amide I)
and 3363 cm™! (N-H stretching, amide II). The broad peak at ~3363 cm™! was intensified in
(PEI/GO)7; LbL membrane compared to that of chlorinated substrate. It can be assigned to the
stretching vibrations of the O-H groups in GO nanosheets and N-H stretching (amide II) in PEI
structure. In addition, the enhanced intensities of -CH stretching at 2950 and 2845 ¢cm™! in the

crosslinked membrane imply the introduction of glutaraldehyde [16,119,169,216].
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Figure 5. 22 FTIR spectra of the (a) XL(PEI/GO)7 LbL, (b) (PEI/GO)7 LbL, and (c) chlorine-
treated TFC polyamide membranes. Inset: GO nanosheets. Crosslinking condition: time 0.5h,
GA concentration 1.0 wt% at 22 °C.

The mean surface roughness (Ra) values of the (PEI/GO); membrane increased with an
increase in the number of bilayers and degree of crosslinking, which was confirmed by the AFM.
Fig. 5.23 shows the 3-D and 2-D images of the surface morphology of the un-crosslinked and

crosslinked membranes. The Ra value of the (PEI/GO) membrane with seven bilayers increased
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from 50.8nm to 78.8nm after crosslinking with GA. The Ra values in the crosslinked membranes
increased to 97.9 and 128.2 after deposition of 10 and 14 bilayers, respectively. The actual contact

area between the feed and the skin layer increased as the surface roughness increased.
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Ra=50.8 nm

Figure 5. 23 3D and 2D AFM images of the (a) (PEI/GO)7, (b) XL(PEI/GO)7, (¢) XL(PEI/GO)0,
and XL(PEI/GO)14 LbL membranes, (scanned area: 5 um x 5 pm).
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5.3.6 Long-term stability for alcohol dehydration

Fig. 5.24 shows the separation performance of the crosslinked PEI/GO membrane with seven
bilayers for pervaporation dehydration of EtOH and IPA for ~ 210 h at 50 °C and feed water
concentration of 6 wt%. There were no significant changes in total permeation flux and water
concentration in permeate during the operating time, signifying the long-term stability of the

membrane and its potential for industrial EtOH and IPA dehydration applications.
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Figure 5.24 The long term pervaporation performance of the XL(PEI/GO); membrane for
dehydration of EtOH and IPA at 50 °C and feed water concentration of 6 wt%.
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5.4 Conclusions

This study has explored the preparation of LbL self-assembled membranes using PEI and GO,

followed by crosslinking with glutaraldehyde (GA). The membranes were tested for the

dehydration of ethanol (EtOH) and isopropanol (IPA) via pervaporation. The following

conclusions can be drawn:

1)

2)

3)

4)

5)

An MLR analysis showed that, of the three main effects, the GA concentration and crosslinking
time had a greater influence on membrane performance than crosslinking temperature did.
However, the impact of the interaction effects cannot be neglected.

The impacts of the two significant main factors, i.e., the GA concentration and crosslinking
time, on the performance of the crosslinked membranes were explored individually at a fixed
crosslinking temperature of 22 °C. The crosslinking time of 0.5 h and GA concentration of 1.0
wt% appeared to be within the optimum crosslinking range. Experimental results for the
dehydration of EtOH and IPA showed that the crosslinked (PEI/GO) LbL membrane with
seven bilayers has considerably good permeation flux and separation factor.

An increase in the operating temperature resulted in a higher permeation flux and lower
separation factor. It is more challenging to separate out EtOH than IPA, due to the smaller
molecular size of EtOH and its greater hydrogen bonding parameter.

E; water 18 the lowest, whereas E; ;p, is the greatest. Therefore, water needs to overcome a
lower energy barrier to pass through the membrane than the alcohols.

By adjusting the number of bilayers, the membrane performance could be tailored. Membrane
resistance for permeation of water was lower than that for alcohols. Increasing the number of

bilayers could increase the separation factor, while the permeation flux decreased.
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6) The long-term stability of the XL(PEI/GO); membrane showed that there were no significant
variations in total permeation flux and water concentration in permeate during ~ 210 h at 50

°C, implying the membrane potential for industrial alcohol dehydration applications.
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Chapter 6

General comparison of membrane performance for the different pervaporation

separations

In this study, different types of PEI/GO LbL membranes were prepared. PEI/GO LbL
membrane with one bilayer was used for pervaporative desalination, but it was not permselective
enough for dehydration of organic solvents. Thus, PEI/GO LbL membranes with the different
numbers of bilayers were applied for dehydration of EG, and LbL membranes crosslinked with
GA were used for dehydration of EtOH and IPA. In all pervaporation systems, the activation
energies of permeation of the penetrants based on permeation flux (E;) and permeance (Ep) at
different feed water concentrations were calculated and discussed in detail. The activation energy
data for desalination of high salinity-water, dehydration of EG, and dehydration of EtOH and IPA
were tabulated in Tables 6.1, 6.2 and 6.3, respectively. As mentioned in Chapter 2, the value of E;
is always positive while the value of Ep can be either positive or negative depending on the value
of activation energy for diffusion (Ep) and the heat of sorption (AH).

In pervaporative desalination, the feed solutions contained non-volatile salts with different
concentrations. The pure water flux of the PEI/GO LbL membrane with one bilayer was 5 kg/m?h

at 35°C. The water permeation flux decreased to 1.7 kg/m?h at 35°C when NaCl concentration in
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the feed reached 20 wt%. The salt rejection remained high under all operating conditions. As

shown in Table 6.1, E; is positive, and increases with an increase in the feed salt concentration;
the E; values are comparable with those reported in the literature [34,50,123]. Ep values for water

permeation are small positive and negative values. Negative values of Ep mean that the
temperature affected exothermic sorption more than it affected diffusion during the permeation
process. With an increase in feed salt concentration, the activation energy for water tended to
increase, which may be attributed to the lower swelling of the membrane [34].

For dehydration of EG, the LbL membrane with one PEI/GO bilayer showed a total flux of
164 g/m*h with a separation factor of 82 for a feed water concentration of 5 wt% at 35 °C. The
total flux is much lower than the water flux in desalination for the same membrane. The main
reason is the difference in the feed composition. EG is an organic compound with a high boiling
point, while inorganic salt is a non-volatile component. Activation energies were calculated for the
PEI/GO membrane with three bilayers (see Table 6.2). With an increase in feed water
concentration, the E; values for both water and EG slightly increased. This is similar to the results
observed with other hydrophilic membranes for dehydration of EG [171]. All Ep values are
negative for this system, implying that the permeability coefficient in the membrane decreased
with increasing temperature. Generally, the diffusivity selectivity and permselectivity of a
membrane decrease when temperature increases [240]. The values of E; for water are smaller than
that for EG due to the lower heat of vaporization of water. Furthermore, more permeable permeants
often have lower activation energies than less permeable permeants because the most permeable
components have smaller molecules sizes and the diffusion activation energy usually increases

with penetrant size [27].
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Table 6. 1 Activation energies of permeation of water based on permeation flux (E;) and
permeance (Ep) at different feed water concentrations through the PEI/GO LbL membrane.

Feed water concentration  Ejqter Ep water Water flux
(Wt%) (kJ/mol)  (kJ/mol) (kg/m’h) at 35°C
100 (pure water) 37.0 -3.3 5.0

NaCl/water mixture

98 37.7 -2.6 3.1
95 37.1 -3.1 2.9
90 38.6 -1.7 24
&5 39.6 -0.7 2.0
80 39.7 -0.6 1.7

Na,SOs/water mixture

98 35.0 -5.2 2.8
95 35.0 -5.2 2.6
90 40.3 0.02 2.1
85 40.4 0.1 1.8
80 40.4 0.1 1.6
MgCl,/water mixture
98 34.7 -5.6 2.7
95 35.5 -4.8 24
90 43.3 3.0 1.9
85 45.4 5.1 1.5
80 44.9 4.6 1.2

MgSO./water mixture

98 343 -6.0 2.8
95 35.1 -5.2 2.5
90 41.0 0.7 2.1
&5 42.1 1.8 1.7
80 43.8 3.5 1.3
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Table 6. 2 Activation energies of permeation of water and EG based on permeation flux (E;) and
permeance (Ep) at different feed water concentrations through the (PEI/GO)s LbL. membrane.

Feed water Ejwater Epwater Ej kG Eprg Total flux Separation
concentration (Wt%)  (kJ/mol) (kJ/mol)  (kJ/mol)  (kJ/mol) (g/m’h)at35°C  factor
0.1 13.4 -34.3 21.3 -42.7 56 1800
0.2 13.5 -35.6 23.7 -40.2 68 1008
0.5 13.6 -35.8 27.7 -36.2 83 583
2.0 15.6 -30.6 27.8 -36.4 114 213
5.0 16.6 293 28.0 -36.0 148 103

For dehydration of EtOH and IPA, the PEI and GO layers were crosslinked with GA to enhance
membrane selectivity. The crosslinked PEI/GO LbL membrane with seven bilayers showed a flux
of 1 kg/m*h and a separation factor of 86 for EtOH dehydration and a flux of 0.9 kg/m*h and a
separation factor of 204 for IPA dehydration, at a feed water concentration of 2 wt% at 40 °C.
Crosslinking restricted the polymer chain motions, decreased the free volume of the polymer and
reduced swelling of the membrane [57,227]. Consequently, the permeation flux decreased and
selectivity increased. Generally, the permeation flux in dehydration of alcohols is lower than the
permeation flux in desalination of water. The total fluxes in dehydration of EtOH and IPA were
higher than the total flux in dehydration of EG due to the different feed compositions and
interactions between penetrants-penetrants and penetrants-membranes.

As can be seen in Table 6.3, the apparent activation energy of water in the EtOH/water and
IPA/water systems is comparable to that of water in the EG/water system. In addition, E; for water
permeation is lower than that for EtOH and IPA permeation. Water is a smaller molecule than the
alcohols, and therefore it has a lower energy barrier to overcome to pass through the membrane. It
should be also mentioned that the E; for EtOH is slightly lower than E; for IPA at different feed
water concentrations, and this may be related to the smaller molecule size of EtOH than IPA.

Temperature showed more significant effects on permeation of EtOH and IPA than water
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permeation. The activation energies for both water and alcohols did not change much with

temperature.

Table 6. 3 Activation energies of permeation of water and alcohol based on permeation flux (E;)
and permeance (Ep) at different feed water concentrations through the crosslinked (PEI/GO)s.

Feed water Ejwater Ep water E} aiconol Ep aiconol Total flux Separation
concentration (wt%) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (g/m*h) at factor
40°C
EtOH/water
2 23.7 -20.2 25.7 -19.7 1003 86
6 22.3 -22.0 25.8 -19.8 1466 39
12 24.6 -21.2 25.8 -19.6 2206 27
IPA/water
2 23.9 -19.7 26.3 -15.8 899 204
6 24.7 -21.1 26.7 -15.5 1235 95
12 22.6 -19.0 27.1 -15.0 1726 65

Briefly, the values of E; for water permeation in desalination of water is greater than that for
water permeation in dehydration of organic solvents. It implies that the effect of temperature on
water permeation flux is more significant in water desalination than solvent dehydration. Water
needs to overcome a higher energy barrier to diffuse through the PEI/GO membrane in water
desalination than in solvent dehydration. It should be noted that the PEI/GO LbL membranes used
in these applications were not the same, and they had different bilayers and were further
crosslinked in case of dehydration of EtOH and IPA.

Comparing dehydration of EG and dehydration of EtOH and IPA, it was shown that the
PEI/GO LbL membrane had a higher total flux for EtOH and IPA dehydration than dehydration
of EG. The opposite trend is true for the separation factor. The LbL membrane with three bilayers
was more selective to water permeation in the dehydration of EG than the crosslinked PEI/GO

LbL membrane with seven bilayers in the dehydration of EtOH and IPA. The values of E; for
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water permeation in dehydration of EtOH and IPA are higher than that for water permeation in
dehydration of EG. It shows that temperature affected alcohol/water separation more significantly
than EG/water separation. Crosslinking of the bilayers was shown to be an effective method to
develop next generation pervaporation membranes for dehydration applications.

All the PEI/GO LbL membranes prepared in this study were hydrophilic, and the PEI/GO
membrane with one bilayer was the most hydrophilic (with a water contact angle of 27°) among
all the membranes tested. After deposition of additional bilayers (i.e., 3 bilayers), the contact angle
increased to 41°, which may be attributed to the higher compactness of membrane and increased
the content of GO on the membrane surface as GO contains hydrophobic aromatic regions. The
crosslinked membrane with three bilayers showed a water contact angle of 51°. This may be
ascribed to the hydrophobic carbon chain of the crosslinker GA [216] and its penetration to the
interior during the crosslinking of each bilayer. In addition, crosslinking the GO layer decreased
the amount of hydroxyl groups on the GO nanosheets that can form strong bonds with water.
Nonetheless, such a change in surface hydrophilicity was not significant enough to change the

mass transfer resistance per bilayer.
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Chapter 7

General conclusions, contributions, and recommendations

7.1 General conclusions

The objectives of this study were to investigate the preparation of novel layer-by-layer (LbL)
self-assembled membranes using polyethyleneimine (PEI) and graphene oxide (GO) for
desalination of high-salinity water and dehydration of organic solvents via pervaporation. This
work was divided into three parts; first, the PEI/GO LbL membrane was prepared, characterized
and investigated for pervaporative desalination using different common salts (Chapter 3). After it
was found that the LbL membrane with only one PEI/GO bilayer was efficient for pervaporative
desalination of non-volatile salts, further investigations were carried out to assess the LbL
membrane performance for dehydration of high boiling-point ethylene glycol (EG) with and
without the presence of salt in the feed (Chapter 4). Finally, the performance of the PEI/GO LbL
membranes was improved with the help of crosslinking for the dehydration of alcohols (Chapter
5).

In the first objective of the thesis, a preliminary study on the chlorination of thin film composite
(TFC) polyamide membrane showed that the chlorine-treated polyamide membrane was a

promising substrate for preparing LbL membrane. After chlorination, pure water flux increased
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twofold and the membrane showed more hydrophilicity. The FTIR spectra of the membrane
surfaces confirmed the formation of the LbL PEI/GO membrane. The X-Ray Diffraction (XRD)
patterns of membranes showed a slight decrease in the d spacing between GO layers with the
addition of PEI, which may be attributed to ionic crosslinking between GO and PEI to a certain
extent to form a more closely stacked structure. It was shown that the LbL. membrane with only
one bilayer was suitable for pervaporative desalination of high-salinity water. A water flux of 8.4
kg/(m? h) was achieved at a feed NaCl concentration of 200 g/L at 65°C. The rejection of all the
model salts (i.e., NaCl, Na,SO,, MgS0O,, and MgCl,) was high (~99.9%) under all operating
conditions. Water permeation flux increased with an increase in temperature mainly due to an
increase in the driving force for permeation. The water flux decreased with an increase in salt
concentration since the sorption of water at the membrane/liquid interface and the diffusion rate
of water in the membrane was affected by the salt concentration.

The second objective, which focused on the preparation and characterization of PEI/GO LbL
membranes for pervaporative dehydration of EG, resulted in a number of interesting findings. The
PEI/GO LbL membrane with three bilayers was shown to be more selective and efficient than
distillation, especially at lower feed water concentration. The (PEI/GO); LbL membrane was
preferentially permeable to water. A permeation flux of 114 g/(m?h) and a separation factor of 213
were achieved at 35 °C for a feed with 2wt% water. At feed water concentrations of 0.1, 0.2, and
0.5 wt%, separation factors of 1800, 1008, and 583 were observed, respectively. The effect of
operating temperature was more significant on EG flux than water permeation flux; subsequently,
the separation factor experienced a drop. For a feed water concentration of 2 wt%, the total flux
increased to 190 g/m?h with a separation factor of 160 when the temperature was increased to 60

°C. Since salt and EG are commonly present in gas and chemical processing, the effects of NaCl
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present in the feed on the dehydration of EG were also investigated. Both the total flux and
separation factor increased with temperature in the presence of salt, and the effect of temperature
was more significant on water flux. With an increase in the salt concentration, the separation factor
increased at all feed water concentrations, while the total flux decreased.

The effects of number of bilayers on the dehydration of EG showed that when the number of
bilayers increased from 1 to 15, the total flux decreased by 38% (164 to 102 g/m?h) and the
separation factor increased by 148% (from 83 to 205). An analysis with the resistance-in-series
model showed that the mass transfer resistance per bilayer for EG permeation was higher than that
of water. By building up more PEI/GO bilayers, the LbL membrane became more selective to
water. The PEI/GO LbL membranes had water contact angles less than 54°, confirming their
hydrophilicity. Moreover, the mean surface roughness (Ra) of the LbL membrane decreased to 21
nm after depositing 15 number of bilayers, which could be ascribed to the coverage of the
membrane surface by PEI and GO.

Finally, the PEI/GO LbL membranes were crosslinked using glutaraldehyde (GA) for
pervaporative dehydration of ethanol (EtOH) and isopropanol (IPA). With a two-level factorial
design, the optimal ranges of the crosslinking parameters were found as: a GA concentration of
I1wt%, and a crosslinking time of 30 min at room temperature. After crosslinking, the sorption
uptake of water in the PEI/GO bilayers (seven bilayers) decreased from 7.9 to 3.4 (g water/g
bilayer), confirming more-compact membrane structures after crosslinking. The crosslinked
(PEI/GO)7 LbL membrane showed an improved permselectivity for dehydration of EtOH and IPA,
whereas the separation factor decreased slightly with temperature due to the restriction of polymer
chain mobility. The total flux for EtOH dehydration was higher than that for IPA dehydration,

attributing to the penetrant size, polarity and hydrogen bonding parameters. Based on the
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resistance-in-series approach, the mass transfer resistances per PEI/GO bilayer to EtOH and IPA
are much higher than to water, and so was resistance of the substrate. However, the permselectivity
of the substrate was not high enough as shown by the low water/alcohol permeance ratio (i.e., 3
for water/EtOH and 12 for water/IPA). PEI/GO bilayer showed a permeance ratio of 250 and 620
for water/EtOH and water/IPA, respectively, implying that the membrane was much more
permselective after deposition of bilayers on the substrate.

To summarize, the results of this study showed that the PEI/GO LbL. membranes with different
number of bilayers are promising for pervaporative desalination of high salinity water and
dehydration of organic solvents. The effects of operating conditions on membrane performance
were observed. LbL membranes with different number of bilayers were prepared and analyzed
based on resistance-in-series model. Overall, the membranes compared favorably with other
membranes reported in the literature. The membrane characterizations have not been addressed in

details, and additional work is needed to have a better understanding of the membranes.

7.2 Recommendations for future work
Based on the research findings, the following are suggested for further studies to provide

helpful insights:

Characterization of the PEI/GO LbL membrane

The first recommendation is to characterize PEI/GO LbL membranes using field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) to assist in
confirming the nanoscale wall structure that is generated by the LbL deposition and thickness of

the membrane. Also, a quartz crystal microbalance (QCM) can provide more insights about the
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mass increment and behaviors of the GO nanosheets and PEI chains. For instance, the mass ratio
of deposited GO and PEI can be found and compared.
Further improvement of PEI/GO LbL membrane for dehydration applications

The (PEI/GO)3; LbL membrane showed a high separation factor especially at low feed water
concentrations. However, the total flux was still not very high (compared to alcohol dehydration).
The opposite is true for dehydration of alcohols using crosslinked (PEI/GO)7 membrane; high
permeation flux and low separation factor. Further studies can be carried out to improve the
selectivity of alcohol dehydration, and the total flux of EG dehydration. For these improvements
the other types of crosslinker such as glyoxal, trimesoyl chloride, and glyoxylic acid can be
applied. In addition, either PEI or GO layers, or both, can be crosslinked, and the results compared.
The condition of chlorination can be also optimized for the dehydration of EG. The other LbL
preparation methods and polyelectrolyte solution conditions may make an improvement in LbL
membrane performance, as discussed below in detail.
LbL Preparation methods

In this research, the membranes were prepared by a static LbL process (single-sided
deposition). Two other preparation methods can be considered: a dynamic LbL process in which
the deposition solution moves continuously in a deposition process (a rotator, shaker or stirrer can
be used), and an electric field (EF) process in which electrode plates are placed at the two sides of
the substrate and solution, and a DC power supply is used to connect the electrodes and generate
a uniform electric field, without the electrodes touching the solution or substrate material. Both
methods might offer a better choice of the deposition as the distribution of the polyelectrolytes on
the substrate would improve. Moreover, the two methods may also offer such advantages over the

static LbL process as shorter preparation time, fewer deposition layers, reduced use of
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polyelectrolyte solutions, and even distribution of polyelectrolyte [64,241]. In the presence of an
electric field, the PEI and GO showed ordered stretched chains and nanosheets [242].
Polyelectrolyte solution

To explore the effects of PEI and GO solution pH, concentrations, deposition time and
temperature, and the presence of salt in deposition solutions on the pervaporative performance of
the membranes. A longer deposition time might allow more polyelectrolyte to diffuse to the
oppositely charged surface, which may help repair any defects on the membrane surface. With an
increase in the deposition temperature, the polyelectrolytes will become more energetic, and their
diffusion will be faster. Consequently, they will be adsorbed by the substrate faster. pH is an
important parameter that directly influences the degree of ionization of polyelectrolytes in
solutions and subsequently the growth and adsorption amount of polyelectrolytes. The presence of
salt in polyelectrolyte solution changes polymer conformation (polymer coils become denser).
Dehydration of other organics

In this study, LbL formed on chlorine-treated TFC polyamide membranes were used for
pervaporative desalination of water and dehydration of ethylene glycol, ethanol, and isopropanol.
To further investigate the pervaporation performance of PEI/GO LbL membranes, the application
of such membranes can be extended to pervaporative dehydration of other organic solvents (e.g.,
butanol, triethylene glycol and acetic acid). The effects of feed concentration, operating
temperature, and the presence of inorganic components in feed on membrane performance can be

studied.
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6.3 Summary of research contributions

In this study, the chlorinated TFC polyamide membranes were used for the first time as
substrates for the LbL deposition of PEI and GO. The membranes were applied to pervaporative
desalination of high-salinity water, dehydration of high-boiling organic compound (e.g., ethylene
glycol), and dehydration of azeotropic mixtures (e.g., ethanol/water and isopropanol/water
mixtures). A portion of the pervaporative desalination study in Chapter 3 has been published in
Separation and Purification Technology 234 (2020) 116077. A manuscript based on dehydration
of EtOH and IPA study is under review in Chemical Engineering Science. A manuscript on
dehydration of EG has been submitted to Journal of membrane science.

It was for the first time that the PEI/GO LbL membranes has been applied for pervaporative
desalination and dehydration of ethylene glycol, to the best of the author’s knowledge. Moreover,
no reports are currently available in the literature on the preparation of PEI/GO LbL membranes
crosslinked with glutaraldehyde for alcohol dehydration. Effects of temperature and feed
concentration as the most influential parameters on the membranes performance was investigated
at different pervaporation applications and discussed in details. The effects of three main factors
in the crosslinking of PEI and GO layers were investigated for the first time in the literature to
better understand the effect of crosslinking on the membrane performance. It was shown that
crosslinking time and crosslinker concentration were the most significant parameters.

The effects of bilayers on the performance of a LbL. membrane has not been investigated in
details in the literature. It was usually explained based on the thickness of the bilayers estimated
from SEM images. This is the first study reporting the effects of bilayers on pervaporative
performance based on the resistance-in-series model. This approach allows researchers to better

understand how the bilayers and substrate influence the membrane performance. These findings
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enhance our understanding of the concepts of the resistance of per bilayer and substrate resistance
of the LbL membranes.

The PEI/GO LbL membranes with different bilayers showed potential for application in the
pervaporative treatment of high-salinity water, the dehydration of ethylene glycol, and the
dehydration of ethanol and isopropanol. In all studied applications, the LbL membranes showed

great stability, which makes them a promising candidate to use.
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Appendix A
Sample calculations
Pervaporation performance

Water permeate flux (desalination):

Feed: NaCl/water

Quantity of permeate collected (Q): 2 g
Effective area of the membrane (A): 17.35 cm?
Time interval (At): Smin

Operating temperature (°C): 25

Feed NaCl concentration (Cy): 200 g/L
Permeate NaCl concentration (Cp): ~ 0.2 g/L

J=-L-= 2 =13723 (g/m? h)

AAt  17.35X1074x0.084

Salt rejection

R I =% 1002 229702 00 =999
TG ~ 200 o

Water permeate flux (dehydration):
Feed: EG/water

Feed water concentration (Xw): 0.1 wt%
Effective membrane area (A): 17.35 cm?
Time interval (At): 2h

Quantity of permeate collected (Q): 0.195 g
Water content in permeate (Xw): 66.5 wt%

J=-2 - %1% _56) (g/m’h)

AAt  17.35X1074x2
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Partial permeation flux

Juater=J X Xy = 56.2 X 0.665 = 37.37 (z/m? h)
Jeg = J(1-Xw) = 56.2 x (1- 0.665) = 18.826 (g/m? h)

Separation factor

Y;
/ 66'5/33.5 = 1983

Yj
aii = =
9] Xi 0.1/
X; 99.9

Membrane permeance and Driving force

Feed: EtOH/water

Feed water concentration (Cr): 2 wt%

Operating temperature: 295.15 K

Permeation flux of water (Jw): 365.2

Permeation flux of EtOH (Jv): 205

Saturated vapor pressure of water at 295.15 K (p3%): 2.64 kPa
Saturated vapor pressure of EtOH at 295.15 K (p3,): 6.56 kPa
Mole fraction of water in feed (Xw): 0.0496

Mole fraction of EtOH in feed (Xv): 0.9503

Activity coefficient of water (¥, ): 2.5771

Activity coefficient of EtOH (ygioy): 1.0019

Permeate vapor pressure of water (p?): ~ 0 kPa

Mole fraction of water in permeate (Yw): 0.9504

The permeance of water:

365.2
b _ Jw _ 18 =60.34 ———
I X,Ywpsst —Y,pP? 0.0496 x 2.57 X 2.64 " m2 h.kPa

P$% x;y; = Driving force for component i
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Driving force of water = X,, ¥, p5% = 0.33626 kPa

Driving force of EtOH = Xz onVeron Pidsy = 6.25 kPa

Activation energy

Feed: EtOH/water

Feed water concentration (Cr): 2 wt%

E1
IHJZIHJO—ET

E
Slope1=—"//p =-2.876
E, = —(—2.876 x 8.314) = 23.91

1

B, P, E
In(¥/p =In(=) — =

Slope, = —EP/R = 2.37
Ep = —(2.37 x 8.314) = —19.70
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Appendix B

Calibration curves by refractometer
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Figure S. 1 ~ Calibration curve for ethylene glycol/water mixtures by refractometer. At room
temperature: 22-23 °C
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Figure S. 2 Calibration curve for ethanol/water mixtures by refractometer. At room
temperature: 22-23 °C
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Figure S. 3 Calibration curve for isopropanol/water mixtures by refractometer. At room
temperature: 22-23 °C
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Appendix C

Table S. 1 Thermodynamic properties of IPA/water mixtures and driving force for
pervaporation at various temperatures and concentrations.

Feed water Temperature (°C) Yipa Ywater ps IPA ps water | Driving force of  Driving force of
concentration (kPa) (kPa) | IPA (kPa) water (kPa)
(Wt%)
2 22 1.004 3.138 4.820 2.634 | 4.532 0.527

30 1.004 3.173 7.880 4.231 | 7.409 0.856

40 1.004  3.205 13.938  7.358 | 13.104 1.505

50 1.004 3.227 23.601  12.305 | 22.187 2.534

60 1.004 3.242 38.444  19.870 | 36.139 4.110
6 22 1.033  2.539 4.820 2.634 | 4.108 1.175

30 1.033  2.572 7.880 4.231 |6.712 1.912

40 1.033  2.605 13.938  7.358 | 11.868 3.368

50 1.032  2.630 23.601  12.305 | 20.089 5.686

60 1.032  2.648 38.444  19.870 | 32.709 9.247
12 22 1.113  2.017 4.820 2.634 | 3.689 1.663

30 1.112  2.046 7.880 4.231 | 6.026 2.710

40 1.111  2.075 13.938  7.358 | 10.650 4.779

50 1.110  2.099 23.601  12.305 | 18.015 8.083

60 1.109 2.118 38.444 19.870 | 29.314 13.171

Simulation method: WILSON at 25 °C, 1 atm.
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Table S. 2 Thermodynamic properties of EtOH/water mixtures and driving force for
pervaporation at various temperatures and concentrations.

Feed water Temperature (°C) YEOH  Ywater ps EtOH ps water | Driving force of  Driving force of
concentration (kPa) (kPa) | EtOH (kPa) water (kPa)
(Wt%)
2 22 1.002 2.571 6.568 2.634 | 6.254 0.336

30 1.002  2.577 10412 4.231 | 9.915 0.541

40 1.002  2.583 17.825 7.358 | 16.974 0.944

50 1.002  2.589 29.369  12.305 | 27.965 1.581

60 1.002  2.593 46.751 19.870 | 44.515 2.558
6 22 1.016 2.245 6.568 2.634 | 5.738 0.831

30 1.016 2.252 10412 4.231 | 9.095 1.338

40 1.016  2.260 17.825 7.358 | 15.570 2.336

50 1.016  2.267 29.369  12.305 | 25.649 3.918

60 1.015 2.273 46.751  19.870 | 40.825 6.343
12 22 1.059  1.906 6.568 2.634 | 5.155 1.300

30 1.058 1.913 10412  4.231 | 8.171 2.095

40 1.058 1.921 17.825 7.358 | 13.984 3.658

50 1.057 1.929 29.369  12.305 | 23.032 6.141

60 1.057 1.935 46.751  19.870 | 36.653 9.950

Simulation method: WILSON at 25 °C, 1 atm.
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Table S. 3

temperatures and concentrations.

Thermodynamic properties of EG/water mixtures for pervaporation at various

Feed water Temperature (°C) YeG Ywater P°ec P water
concentration (kPa)  (kPa)
(Wt%)
0.1 25 1 0.869985 0.0088 3.170
35 1 0.880947 0.0200 5.626
45 1 0.891344 0.0444 9.590
50 1 0.896343 0.0645 12.305
55 1 0.901216 0.0926 15.702
60 1 0.905968 0.1313 19.870
0.2 25 1 0.870573 0.0088 3.170
35 1 0.881496 0.0200 5.626
45 1 0.891854 0.0444 9.590
50 1 0.896834 0.0645 12.305
55 1 0.901689 0.0926 15.702
60 1 1 0.1313 19.870
0.5 25 1 0.872322 0.0088 3.170
35 1 0.883127 0.0200 5.626
45 1 0.893369 0.0444 9.590
50 1 0.898293 0.0645 12.305
55 1 0.903092 0.0926 15.702
60 1 1 0.1313 19.870
2.0 25 1 0.880705 0.0088 3.170
35 1 0.890935 0.0200 5.626
45 1 0.900616 0.0444 9.590
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Feed water Temperature (°C) YeG Ywater P°ec P water
concentration (kPa)  (kPa)
(Wt%)
50 1 0.905265 0.0645 12.305
55 1 0.909792 0.0926 15.702
60 1 0.914202 0.1313 19.870
5.0 25 0.997454  0.895812 0.0088 3.170
35 0.997661  0.904965 0.0200 5.626
45 0.997856  0.913601 0.0444 9.590
50 0.99795  0.917738 0.0645 12.305
55 0.998042  0.921761 0.0926 15.702
60 0.998131 0.998131 0.1313 19.870
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Appendix D

Water/EtOH mixture
Feed water concentration: 6wt%

Operating Temperature: 50 °C

Table S. 4 Total resistance of water and EtOH in the membrane as a function of number of
bilayers.
# bilayers  (1/flux)water- (1/fluX)gion- (Driving (Driving (Total (Total
(m?h/g) (m?h/g) force)waier- force)gion- resistance)waer-  resistance)gon-
(kPa) (kPa) (m? hkPa/mol)  (m? h kPa/mol)
3 0.00060 0.00099 3.92 25.65 0.0423 1.180
5 0.00066 0.00138 3.92 25.65 0.0465 1.632
7 0.00068 0.00167 3.92 25.65 0.0477 1.974
9 0.00073 0.00224 3.92 25.65 0.0515 2.646
10 0.00072 0.00256 3.92 25.65 0.0513 3.031
12 0.00077 0.00307 3.92 25.65 0.0542 3.635
14 0.00078 0.00375 3.92 25.65 0.0554 4.439
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Figure S. 4  Total resistance as a function of number of bilayers for water and EtOH. Feed water
concentration: 6wt%, Operating Temperature: 50 °C
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Water/IPA mixture
Feed water concentration: 6wt%
Operating Temperature: 50 °C

Table S. 5 Total resistance of water and IPA in the membrane as a function of number of

bilayers.
# bilayers  (1/fluX)water- (1/flux)ipa-  (Driving (Driving (Total (Total
(m?h/g) (m?h/g) force)water- force)ipa-  resistance)waer-  resistance)ipa-
(kPa) (kPa) (m? hkPa/mol)  (m? h kPa/mol)
3 0.00063 0.00254 5.68 20.09 0.0650 3.073
5 0.00066 0.00332 5.68 20.09 0.0676 4.014
7 0.00068 0.00410 5.68 20.09 0.0695 4.957
9 0.00071 0.00531 5.68 20.09 0.0727 6.420
10 0.00073 0.00601 5.68 20.09 0.0745 7.264
12 0.00074 0.00712 5.68 20.09 0.0755 8.598
14 0.00075 0.00860 5.68 20.09 0.0765 10.391
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Figure S. 5  Total resistance as a function of number of bilayers for water and IPA. Feed water
concentration: 6wt%, Operating Temperature: 50 °C.
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Water/EG mixture
Feed water concentration: S5wt%
Operating Temperature: 35 °C

Table S. 6 Total resistance of water and EG in the membrane as a function of number of

bilayers.
# bilayers  (1/flux)water-  (1/flux)eg-  (Driving (Driving  (Total (Total
(m?h/g) (m?h/g) force)water- force)eg-  resistance)wawer- — resistance)gg-
(kPa) (kPa) (m? h kPa/mol)  (m? h kPa/mol)
1 0.0075 0.0326 0.7822 0.0169 0.1058 0.0342
3 0.0080 0.0436 0.7822 0.0169 0.1126 0.0457
5 0.0087 0.0519 0.7822 0.0169 0.1230 0.0544
8 0.0093 0.0676 0.7822 0.0169 0.1310 0.0709
10 0.0098 0.0778 0.7822 0.0169 0.1382 0.0816
12 0.0100 0.0936 0.7822 0.0169 0.1416 0.0982
15 0.0107 0.1155 0.7822 0.0169 0.1510 0.1210
0.2
¢ Water ® EG

e
—_
a

y =3.21E-03x + 1.04E-01
T R?=9.88E-01

<
—
S}

0.08 -

Total Resistance (m? h kPa/mol)
S
S

y = 6.05E-03x + 2.56E-02
R?=9.88E-01

0 2 4 6 8 10 12 14 16
Number of bilayers

Figure S. 6  Total resistance as a function of number of bilayers for water and EG. Feed water
concentration: Swt%, Operating Temperature: 35 °C
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Appendix E

Summary of MLR analyses for flux

Regression Statistics

Multiple R 0.99
R Square 0.99
Adjusted R Square 0.99
Standard Error 14.50
Observations 24
ANOVA
df SS MS F Significance F

Regression 7 2275722.47 325103.21 1546.84 1.98 X 102!
Residual 16 3362.76 210.17
Total 23 2279085.23

Terms  Coefficients Standard Error t Stat P-value Lower 95% Upper 95%  Lower 99.0% Upper 99.0%
Intercept 703.27 2.96 237.65 8.10E-30 696.99 709.54 694.62 711.91
C (wt%) -165.93 3.02 -54.89 1.20E-19 -172.34 -159.52 -174.76 -157.11
t (h) -260.43 3.02 -86.15 9.01E-23 -266.83 -254.02 -269.26 -251.61
T(C) -47.88 3.02 -15.84 3.36E-11 -54.29 -41.47 -56.71 -39.05
C*t 23.25 3.08 7.53 1.20E-06 16.71 29.8 14.23 32.27
C*T 24.46 3.08 7.92 6.31E-07 17.91 31.01 15.43 33.47
t*T 7.32 3.08 2.37 0.0307 0.77 13.86 -1.7 16.33
C*t*T -12.8 3.15 -4.05 0.000914 -19.5 -6.11 -22.01 -3.58
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Summary of MLR analyses for separation factor

Regression Statistics

Multiple R 0.99
R Square 0.99
Adjusted R Square 0.99

Standard Error 0.19
Observations 24
ANOVA
df SS MS F Significance F
Regression 7 21698.47 3099.78 84539.50 2.53 x 10%
Residual 16 0.58 0.04
Total 23 21699.06
Terms  Coefficients Standard Error t Stat P-value Lower 95% Upper95%  Lower 99.0% Upper 99.0%
Intercept 79.52 0.04 2034.46 9.79E-45 79.43 79.61 79.41 79.63
C (wt%) 16.14 0.04 404.12 1.67E-33 16.05 16.22 16.01 16.25
t(h) 23.58 0.04 590.46 3.86E-36 23.49 23.66 23.45 23.69
T (°C) 10.34 0.04 258.93 2.06E-30 10.25 10.42 10.22 10.45
C*t 2.39 0.04 58.52 4.30E-20 2.31 247 2.26 2.5
C*T -0.04 0.04 -0.96 0.35 -0.12 0.04 -0.15 0.08
t*T 1.21 0.04 29.74 1.97E-15 1.12 1.29 1.09 1.33
CH**T -3.83 0.04 -91.99 3.16E-23 -3.92 -3.74 -3.95 -3.71
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