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ABSTRACT
DEVELOPMENT OF NOVEL MEMBRANES FOR NANOCARBON

ENHANCED SEPARATION WITH APPLICATION IN BIOFUELS AND
SOLVENT RECOVERY

by
Oindrila Gupta

Pharmaceutical industries historically have had one of the highest amounts of solvent waste
generated per unit of drug manufactured. Energy requirements and carbon footprint of
current solvent recycling processes tend to be quite high, and the incineration of the
solvents for waste disposal produces toxic air emissions. Also, rapidly increasing demand
for energy and strict regulation on engine pollutant emissions have necessitated the use of
alcohol as carbon-neutral fuels. Thermal distillation is one of the most common methods
for the separation of alcohol-water mixtures. However, its application is limited due to
energy requirements and high operating costs, and heating to boiling point can lead to
undesirable side reactions. In this dissertation, three major challenges related to organic
solvent separation are addressed. Approaches to enhance the performance of membrane
distillation by modifying the commercial membranes with different carbon-based
nanomaterials and alternative heating technologies to reduce energy consumption are
explored. These form the basis of this dissertation.

In the first application, carbon nanotube immobilized membrane (CNIM) for
enhanced separation of organic solvents from their aqueous mixtures via sweep gas
membrane distillation is explored. The presence of carbon nanotubes (CNTs) on the
hydrophobic membrane surface significantly alters the liquid—membrane interactions to

promote isopropanol (IPA) transport in IPA-water mixture by inhibiting water penetration


https://www.sciencedirect.com/topics/materials-science/organic-solvents

into the membrane pores. The isopropanol flux, selectivity and mass transfer coefficient
obtained with CNIM are significantly higher than the corresponding unmodified
Polytetraflouroethylene (PTFE) membrane at different isopropanol concentrations and
temperatures. Performance enhancement in CNIM can be mainly attributed to the
preferential sorption on the CNTs followed by rapid desorption from its surface.

The second application demonstrates enhanced organic separation via microwave-
induced sweep gas membrane distillation from its aqueous mixture. Microwave heated
ethanol-water mixtures are separated on PTFE and CNIM. The membrane performances
in terms of ethanol vapor flux and separation factors are evaluated and compared between
microwave-induced membrane distillation (MIMD) and membrane distillation (MD) using
conventional heating. The combination of CNIM and microwave heating is most effective.
Performance improvements in MIMD are due to nonthermal effects such as localized
superheating and break down of hydrogen-bonded ethanol-water clusters. Moreover,
MIMD requires less energy to operate than conventional MD under similar conditions. The
lower energy consumption along with higher flux and separation factor in MIMD
represents a major advancement in the state of the art in solvent separation by MD.
Furthermore, a novel approach for Acetone-Butanol-Ethanol (ABE) recovery using MIMD
is investigated. CNTs and octadecyl amide (ODA) functionalized CNTs are used. The ABE
flux, separation factor and mass transfer coefficient obtained with CNT and CNT-ODA
immobilized membranes are remarkably higher than those of the commercial pristine
membrane under various experimental conditions.

In the third major application, nanocarbon-immobilized membranes are applied for

the separation and recovery of tetrahydrofuran (THF) from water via MD. Several


https://www.sciencedirect.com/topics/materials-science/desorption

nanocarbons, namely CNTSs, graphene oxide (GO), reduced graphene oxide (rGO), and an
rGO-CNT hybrid is immobilized on PTFE membranes. Among the nanocarbons, rGO-
CNT performs the best in terms of flux and separation factor over the plain PTFE
membrane. The improved membrane performances of the rGO-CNT membrane is due to
the preferential sorption of THF on rGO-CNT, nanocapillary effect through graphene
sheets, along with the activated diffusion of THF via a frictionless CNT surface.

This dissertation shows that the modification of the membranes with carbon-based
materials namely CNTs, GO and their derivatives along with microwave heating as an
alternative heating source are effective strategies to enhance the performance of MD. These
fabricated membranes along with modification of the system configuration have great
potentials for solvent removal from aqueous solution for use as biofuels and by cosmetic,

paint and pharmaceutical industries using MD.
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CHAPTER 1

INTRODUCTION

1.1 Background
The usage of fossil fuels has increased global warming to a significant extent that results
in frequent droughts, heavier rainfall, and other changes in the natural systems, leading to
melting glaciers, rising sea levels, disruption of coral reefs and alpine meadows and lack
of fresh water sources. This global problem represents one of the biggest challenges for the
international community. Mitigating this problem will require considerable efforts and
innovations, both technical and intellectual. Specifically, we will have to think about
energy differently. Reducing energy consumption through conservation and improved
technology will surely play a part. However, since it is difficult to think of a world where
humanity consumes no energy, we also must find replacements for fossil fuels. While
progress has been made in recent years to improve our use of renewable energy, road
transportation still functions mainly with fossil fuels. Transport represents 28.2% of global
greenhouse gas (hereafter GHG) emissions. Over 90 percent of the fuel used for
transportation is petroleum based, which includes primarily gasoline and diesel [1].
Substantial reductions in CO2 emissions from the transport sector can be achieved by
increasing vehicle and modal efficiency, reducing travel demand, and changing travel
patterns toward more efficient modes. However, achieving deep CO> reductions will also
require a shift to very low-carbon energy carriers, of which the three most likely to play a

prominent role are electricity, biofuels, and hydrogen.



Biofuel, a sustainable energy offers a strategic solution in addressing current energy
and environmental crises that emerge from a heavy dependence on fossil fuels. The U.S.
Energy Information Administration’s (EIA) Annual Energy Outlook 2020 (AE02020)
projects that U.S. biofuel production will slowly grow through 2050, primarily driven by
economic and policy factors resulting in 55% growth in biofuels production in 2050.
Biofuels like ethanol are currently produced from renewable processes such as the
fermentation of glucose. The fermentation of biomass (e.g., grains, starches, sugars,
cellulose) to alcohols is a well-established technology. It is the primary step in the
production of various beverages and alcohol fuels. Although alternatives have been
developed, batch operation is typical of most processes [2, 3]. As fermentation proceeds,
the increase in product concentration hampers the microbial activity by product inhibition
[2]. This is incentive to continually remove products as by-products. For batch operation,
the target ethanol concentration in the fermentation broth is generally 5-8 wt. % relative to
water. The removal of ethanol during fermentation also serves as a pre-concentration step.
Currently, conventional distillation techniques are employed to concentrate the ethanol
extracted from the fermentation broth (3-8 w/w% ethanol) to an azeotropic limit of 95
w/w% [4, 5]. However, a higher purity of ethanol (>99.5 w/w %) is required for
combustible fuel application. Despite the advancements presented in the development of
biofuel technology, many challenges in biofuel production and purification must be
overcome before it can be widely accepted as a worthy substitute for fossil fuels. The global
focus on greener technologies also requires the development of separation techniques that

are both energy efficient and environmentally friendly.



Membrane technology has been growing over the past 30 years. Today, membrane
processes have progressively matured and are industrially available for the large-scale
separation of various mixtures within the chemical and biochemical industries. They are
recognized as being economical and a feasible substitute for conventional energy-intensive
separations. Membrane separation process is a process where a membrane, acting as a filter
separates individual elements in an aqueous solution by eliminating unwanted substances
and selectively other components to pass through the membrane. Membranes can change
the composition of a solution depending on the rate of relative permeation. It has a wide
range of applications such as reverse osmosis, gas separations, controlled release of
pharmaceutical formulations, and the artificial kidney. The scientific and engineering
disciplines involved include physical and polymer chemistry, electrochemistry, and
chemical engineering. However, the common link that connects all these different
applications and disciplines together is the transport across membranes.

Several approaches have been proposed for the removal of ethanol from
fermentation broths. In vacuum fermentation, the fermenter pressure is reduced to vaporize
ethanol without increasing the critical broth temperature. In extractive fermentation,
ethanol is selectively removed by other solvents. In the last few years, attention has been
directed toward membrane processes for this application. Numerous studies have been
performed to test the application of pervaporation [6-8]. Pervaporation involves the
preferential passage of ethanol through a dense membrane matrix. Although pervaporation
is a promising solution, additional efforts will be required to develop a highly ethanol-

selective membrane and to increase the flux [9].



Membrane distillation (MD) is an emerging membrane-based technology which
can fulfil the demands of pure water. The driving force for the separation is the vapor
pressure gradient that enables separation of the liquid and the vapor phase within the
membrane pores using a microporous hydrophobic membrane. Water vapor is driven by
the high partial pressure at the hot feed side passing through the porous membrane, and the
water is condensed at the permeate side that has lower water vapor pressure [10]. MD has
been successfully tested for desalination [11], purification applications [12], and other
wastewater treatments [13]. For these purposes, MD can be used as a stand-alone system
and a hybrid process [14, 15]. MD consists of a hot feed side, a membrane, and a membrane
module, and a permeate condensing side. With simple units, this makes MD easy to
operate. Compared to pressure driven membrane processes, MD has much lower
membrane fouling and has high solute or salt rejection [16]. In addition, MD can be
performed at low temperatures (30-70 °C), so low grade energies such as heat waste, solar
power, and geothermal energy have been used for MD operation [17, 18].Vapors formed
are able to pass through the membrane, whereas the liquid feed including dissolved
components, is retained by the membrane. Thus, this technique can be used for the
separation of non-volatile solutes from water, removal of volatile organic compounds from
water, where the volatile organic compounds pass through the membrane pores faster
compared to the less volatile water molecules.

Techniques such as membrane distillation, reverse osmosis, and CO2 removal from
natural gas for water and gas purification are membrane-based processes. Therefore, the
development and expansion of advanced membrane-based separation technologies with

controlled pore size is of utmost importance for achieving a more effective and cost-



efficient purification. Current polymeric membranes suffer from limitations between
selectivity and permeability, and prone to membrane fouling and demonstrate low chemical
resistance. The unique and tunable properties of carbon-based nanomaterials can be used
for identifying and addressing environmental challenges. Therefore, in this dissertation, the
approaches to separate Volatile Organic Compounds (VOCs) from their aqueous medium
and production of biofuels using carbon-based nanomaterials via membrane distillation and

later a hybrid system are presented.



CHAPTER 2

LITERATURE REVIEW

2.1 Background of Membrane Distillation

Increasing industrial growth in various sectors such as in oil and gas, petrochemical,
pharmaceutical, metallurgical and food industries resulted in the production of a huge
quantity of wastewater. Alongside, rapid population growth worldwide have resulted in
increased demand for clean water particularly in arid regions [19]. Hence, the present
surface resources will be no longer adequate to meet the needs of future generations.

Reusing water is a potential option to overcome the above-mentioned challenges
which requires the development of advanced technologies, such as membrane
technologies. The membrane separation market is rapidly growing due to continuous
research efforts and development in both academia and industries. Furthermore, the
membrane separation technology is a relatively new technology for use in desalination to
generate pure water and other applications such as the separation of oil/water mixture to
efficiently eliminate the oil droplets which current commercial technologies cannot [20-
22]. Adsorption using activated carbon, zeolites and resins, oxidation, electrochemical
process, photocatalytic treatment, Fenton process, ozone treatment, ionic liquids at room
temperature has major drawbacks such as high cost, usage of toxic compounds, large
footprint and production of secondary pollutants. Membrane based separation techniques
serve as an emerging development in the 21st century. However, a major challenge in

separation-based processes, membrane fouling, persists in the separation industries.



Loeb and Sourirajan [23] developed the industrial scale defect-free, high-flux, and
anisotropic RO thin film composite membranes. The RO membrane resulted in
significantly higher flux than that of other commercial membranes in desalination. The first
successful artificial kidney in the Netherlands was developed by Kolf in 1944 and took
several years to get commercialized [24]. The membrane techniques by Alza are widely
used in the pharmaceutical industry to improve the efficiency and safety of drug delivery.

The applications of membrane technology are widespread and performs without
addition of chemicals, with lower energy consumption and is easy to handle. Membranes
show more efficiency in creation of process water from ground water, surface water or
wastewater and becoming increasingly competitive for conventional techniques in water
purification.

The mechanism of membrane separation relies on three basic principles:
adsorption, sieving and electrostatic phenomenon. The adsorption mechanism has been
correlated with solute and membrane hydrophobic interactions. This interaction results in
a decrease in the pore size of the membranes leading to more rejection of unwanted solutes.
The pressure-driven membrane processes mainly consist of microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). They are conceptually
similar but the key difference is surface pore size of the membranes which defines their
applications [25].

UF is one of the most effective treatments for wastewater among the other pressure
driven membrane processes and requires no external chemical additives and has low energy
costs [26]. The UF membranes showed around 96% rejection of total hydrocarbon

concentration, 54% rejection of benzene, toluene, and xylene (BTX), and 95% rejection of



some heavy metals like Cu, and Zn. This efficiency was not observed in MF membranes
as reported in another study [27]. Microfiltration membranes can achieve high flux,
however, if salt content in the wastewater is too high, it can be treated by reverse osmosis
and nanofiltration membranes [28].

Besides the aforementioned membrane processes, forward osmosis (FO), an
osmotically driven membrane process, is an emerging treatment which requires a minimal
hydraulic pressure and offers several advantages such as, lower fouling tendency, simpler
fouling removal and high recovery of pure water [29, 30]. Although some applications have
at present developed significantly, some challenges are still required to be addressed to
overcome the issues with respect to separation performance, antifouling property, and long-
time stability.

Most of membrane transport processes are isothermal and their driving forces are
transmembrane hydrostatic pressures, concentrations, electrical or chemical potentials.
Membrane distillation (MD) is a non-isothermal process known for more than forty years
but still needs improvement for its industrial implementation. The first patent was filed by
Bodell in 1968 [31]. However, the process did not garner interest until the early of 1980s
when membranes such as Gore-Tex Membrane (expanded polytetrafluoroethylene, PTFE,
porous membrane supplied by Gore & Associated Co.) and modules with better
characteristics became available [32, 33].

The term MD is like conventional distillation (i.e., simple, and multi-effect
distillation) in terms of theory (vapor/liquid equilibrium) for separation and heat
requirement to obtain the essential latent heat of vaporization. It is a non-isothermal

membrane process in which the driving force is the partial pressure gradient across a



membrane that is porous, not wetted by the process liquids, does not alter the vapor/liquid
equilibrium of the involved species, does not permit condensation to occur inside its pores,
and is maintained in direct contact with the hot feed liquid solution to be treated.

The potential applications of MD are production of high-purity water,
concentration of ionic, colloid, or other non-volatile aqueous solutions and removal of trace
volatile organic compounds (VOCs) from wastewater. Various applications (desalination,
environmental/waste cleanup, water-reuse, food, medical, etc.) have been studied using
MD. All these characteristics make MD attractive within the academic community as a
didactic application. Furthermore, the lower operating temperatures than the conventional
distillation, the lower operating hydrostatic pressures than the pressure-driven processes
(i.e., reverse osmosis, nanofiltration, ultrafiltration and microfiltration), the less demanding
membrane mechanical properties and the high rejection factor achieved when solutions
containing no-volatile solutes (salts, colloids, etc.) make MD more attractive than other
popular separation processes. Additionally, the possibility of using waste heat and
renewable energy sources enable MD technique to cooperate in conjunction with other

processes in an industrial scale.

2.2 MD Configurations
A variety of methods is used to apply a low vapor pressure on permeate side, distinguishing
the four basic configurations (Figure 2.1). In direct contact membrane distillation (DCMD),
a cold liquid is in direct contact with the membrane on permeate side, while an additional
compartment with an air gap separates a cold condensing plate from the membrane in air

gap membrane distillation (AGMD). A cold sweep gas provides the driving force in sweep



gas membrane distillation (SGMD) and a vacuum pressure is applied on the permeate side
in vacuum membrane distillation (VMD). Recently, also permeate gap membrane
distillation (PGMD) is introduced as a hybrid configuration combining AGMD and
DCMD, where the gap between membrane and cold condensing foil is filled with permeate.
All these configurations have their own advantages and disadvantages, which are
thoroughly described in literature and summarized in Table 1. In this section, different MD
configurations that have been utilized to separate aqueous feed solution using a

microporous hydrophobic membrane will be addressed.

2.2.1 Direct Contact Membrane Distillation (DCMD)

In this configuration, the hot solution (feed) is in direct contact with the hot membrane side
surface. Therefore, evaporation takes place at the feed-membrane surface. The vapor is
moved by the pressure difference across the membrane to the permeate side and condenses
inside the membrane module. Because of the hydrophobic characteristic, the feed cannot
penetrate the membrane (only the gas phase exists inside the membrane pores). DCMD is
the simplest MD configuration and is widely employed in desalination processes and
concentration of aqueous solutions in food industries, or acids manufacturing [16]. The

main drawback of this design is the heat lost by conduction.
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2.2.2 Air Gap Membrane Distillation (AGMD)

The feed solution is in direct contact with the hot side of the membrane surface only.
Stagnant air is introduced between the membrane and the condensation surface. The vapor
crosses the air gap to condense over the cold surface inside the membrane cell. The benefit
of this design is the reduced heat lost by conduction. However, additional resistance to
mass transfer is created, which is considered a disadvantage. This configuration is suitable

for desalination and removing volatile compounds from aqueous solutions.

2.2.3 Sweep Gas Membrane Distillation (SGMD)

SGMD is a membrane distillation (MD) configuration in which a stripping gas is used as
a carrier for the vapor transferred from a warm aqueous feed through a porous hydrophobic
membrane. The nature of the membrane prevents from penetration of liquid into the pores;
therefore, the liquid/vapor interface is formed at each pore entrance. The volatile molecules
evaporate through the membrane pores, and a cold inert gas flowing along the other side
of the membrane sweeps the permeate carrying it away from the module. The condensation
of the vapor occurs in an external condenser. The driving force for the mass transfer in
SGMD is the difference in the partial pressure of volatile substances on both sides of the
membrane. Since in MD heat is transferred from the feed side through the membrane, thus
the sweep gas temperature increases considerably along a module. However, SGMD
combines a relatively low conductive heat loss through the membrane with a reduced mass

transfer resistance.

2.2.4 Vacuum Membrane Distillation (VMD)
Vacuum membrane distillation (VMD) is believed to be attractive and cost-competitive

membrane separation technology [34]. The vacuum pressure is applied to the permeate side
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of the membrane [35] and it is maintained at just less than the saturation pressure of the
volatile solvent to be separated from the hot feed solution [34]. Vacuum membrane
distillation is characterized by a lower operating temperature, lower operating hydrostatic
pressure, and less demanding membrane mechanical properties, and higher salt rejection
can be achieved for non-volatile solutes. Compared with the other MD configurations,
VMD permits higher partial pressure gradients, and hence higher permeate flux can be
achieved. Besides, it overshoots reverse osmosis (RO) in reducing the energy consumption
[36]. Also, higher permeation flux and lesser negative environmental impact can be
produced when VMD is coupled with RO as a complementary process, wherein a high

concentrated RO brine can be converted to fresh water [37].
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Figure 2.1 Schematic of MD configurations.
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Table 2.1 Configurations and their Advantages and Disadvantages

Configuration  Advantages Disadvantages
High flux and simplicity in High temperature and
design concentration polarization.
DCMD Internal heat recovery is High heat loss by conduction.
feasible. Low thermal efficiency.
Highest energy efficiency. Creation of additional mass
High permeate flux. transfer resistance.

AGMD Low conductive heat loss. Lowest obtained output ratio.
Low fouling tendency. Difficulty in module designing
Internal heat recovery is and modeling.
feasible.
Low conductive heat loss. Low flux.

SGMD Low mass transfer resistance. Difficulty of heat recovery.
Required large  external
condenser.

Highest permeate flux. Higher possibility of
Negligible conductive heat loss. membrane pore wetting.
Very low thermal polarization.  High membrane fouling.

VMD Low selectivity.

Required vacuum pump and
external condenser.
Difficulty in heat recovery.

2.3 MD Membranes

2.3.1 MD Membrane Characteristics

Some of the key MD membrane characteristics include the following:

a) The membrane may be that of a single-layer or multi-layers with the requirement

of at least one layer being made of a hydrophobic material and porous.

b) The pore size range may be from several nanometers to few micrometers. The pore
size distribution should be as narrow as possible, and the feed liquid should not
penetrate the pores. The liquid entry pressure (LEP), defined as the minimum
transmembrane pressure that is required for distilled water or other feed solutions
to enter the pore, by overcoming the hydrophobic forces, should be as high as
possible. Otherwise pore wetting will occur leading to the deterioration of the
quality and rate of the production. The LEP is a characteristic of each membrane
and a high LEP can be achieved by using materials of low surface energy or high

13



d)

hydrophobicity (i.e., large contact angles to water and feed solutions) and small
maximum pore size. However, a small maximum pore size indicates small mean
pore size and, consequently, low membrane permeability. Therefore, a compromise
between the high LEP and the high productivity should be made by choosing an
appropriate pore size and pore size distribution.

The tortuosity factor (i.e., the measure of the deviation of the pore structure from
straight cylindrical pores normal to the surface) should be small. This is inversely
proportional to the MD membrane permeability. In MD studies, to predict the
transmembrane flux, a value of 2 is frequently assumed for membrane tortuosity
factor or used as an adjusting parameter in theoretical models.

The porosity (void volume fraction open to MD vapor flux) of the single-layer
membrane or that of the hydrophobic layer in the case of multi-layered membranes
should be as high as possible. This is proportional to the MD membrane
permeability. In fact, membranes with higher porosity can provide large spaces for
evaporation. Therefore, it is generally agreed upon that the higher membrane
porosity results in the higher permeate flux regardless of the MD configuration.

The thickness of the single-layer membrane should have an optimized value as the
thickness is inversely proportional to the rate of mass and heat transport through
the membrane. In case of multi-layered membranes, the hydrophobic layer
thickness should be as thin as possible. While a high mass transport is favored for
the MD process, a high heat transport is a heat loss. Therefore, a compromise
should be made, again, between the mass and heat transfer, by properly adjusting
the membrane thickness. One advantage of the multi-layered membrane is that a
high mass transport is enabled by making the hydrophobic layer as thin as possible,
while a low heat transfer is enabled by making the overall membrane thickness
(hydrophobic layer + hydrophilic layer) as thick as possible.

The thermal conductivity of the membrane material should be as low as possible.
It must be mentioned that most of the hydrophobic polymers have quite similar
thermal conductivity coefficients, within the same order of magnitude. The thermal
conductivity of commercial membranes lies between 0.04 W/m K and
0.06 W/m K. However, it is possible to diminish the membrane heat transfer by
conduction using membranes of high porosities, since the conductive heat transfer
coefficients of the gases entrapped in the pores are an order of magnitude smaller
than most of the used membrane materials. Another possibility is to use bi-layered
or multi-layered composite porous membranes with hydrophobic and hydrophilic
layers. As previously mentioned, the hydrophobic layer must be as thin as possible.
Furthermore, supported membranes can be used as a MD membrane. The purpose
of using the hydrophilic layer is to enhance the resistance for the conductive heat
transfer resistance and to make the membrane strong enough to prevent its
deflection and rupture. However, the hydrophilic layer should not increase the mass
transfer resistance considerably.

14



g) The membrane surface contacting the feed solution should be made of a material
of high fouling resistance, although fouling effect in MD is not as strong as it is in
pressure-driven membrane separation processes. Membrane surface modification
can be achieved by either coating the surface with a thin layer of a fouling resistant
material or following other possible membrane modification techniques depending
on the feed solution to be treated.

h) The membrane should exhibit good thermal stability. Long term stability is required
for MD membranes at temperatures as high as 100 °C.

i) The membrane material should have excellent chemical resistance to various feed

solutions. If the membrane must be cleaned, resistance to acid and base components
IS necessary.

j) Finally, the membrane should have a long life with a stable MD performance
(permeability and selectivity).

The above-mentioned features considerably determine the morphology and structure
of the MD membranes and whether they have high transmembrane fluxes and rejection
factors together with high heat efficiencies (i.e., low heat transfer by conduction). To
summarize, the main requirements for the MD membrane are that the membrane must
exhibit low resistance to mass transfer, must not be wetted by the aqueous solutions in
contact with and only vapor and non-condensable gases are present within its pores during
the MD operation. As water is usually the major component in the feed solution, the
membrane must be hydrophobic and therefore must be made of polymers or inorganic
materials with low surface energies. It is generally agreed upon, that the MD permeate flux
will increase with an increase in the membrane porosity and pore size under some
limitations, which means that the pore size should allow a sufficiently high LEP, and with
a decrease of the membrane thickness and pore tortuosity. In other words, to obtain a
high MD permeability, the hydrophobic layer that governs the MD transport should be as
thin as possible and its porosity as well as pore size should be as large as possible. A
relatively simple way to fulfill all the previously mentioned requirements is to use layered
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porous hydrophilic and hydrophobic composite membranes. The hydrophobic thin layer
will prevent the penetration of liquid solutions (i.e., water) into the pores, minimize the
resistance to the mass transfer and both the hydrophobic and hydrophilic layers will
contribute to the overall resistance to the heat transfer. Hydrophobic (non-wetting)
microporous membranes are used in the MD process. These membranes are made from
polytetrafluoroethylene (PTFE), polypropylene (PP) or polyvinylidene fluoride (PVDF).
In general, the membrane used in the MD system should have low resistance to mass
transfer and low thermal conductivity to prevent heat loss across the membrane. In
addition, the membrane should have good thermal stability in extreme temperatures, and
high resistance to chemicals, such as acids and bases.

2.3.1.1 Liquid entry pressure (wetting pressure). Liquid entry pressure (LEP) is a
significant membrane characteristic. The feed liquid must not penetrate the membrane
pores; so, the pressure applied should not exceed the limit, or LEP, where the liquid (i.e.,
aqueous solution) penetrates the hydrophobic membrane. LEP depends on the maximum
pore size and the membrane hydrophobicity. It is directly related to feed concentration and
the presence of organic solutes, which usually reduce the LEP. For example, LEP linearly
decreases when ethanol concentration increases in the solution[38]. In addition, Garcia-
Payo et al. [39] indicated that LEP is strongly dependent on the alcohol type, alcohol
concentration in the aqueous solution, and solution temperature.

According to Franken et al. [40], LEP can be estimated from Equation 2.1:

2 ByLcos 6 (2.1)

Tmax

AP = P — P, =
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where Prand Py are the hydraulic pressure on the feed and permeate side, B is a
geometric pore coefficient (equal to 1 for cylindrical pores), yis liquid surface
tension, @ contact angle and rmax is the maximum pore size. The contact angle of a water
droplet on a Teflon surface varies from 108° to 115°; 107° for PVDF [41] and 120° for PP
[42]. It is worthwhile indicating that a flat ceramic membrane made by S. Khemakhem and
R. Ben Amar [43] had a contact angle varying from 177° to 179°. Moreover, ceramic
zirconia and titania hydrophobic membranes were prepared with a 160° contact angle [44].

With regard to surface tension, Zianhua et al. [45] studied the impact of salt
concentration (NaCl) on the water and found that surface tension for pure water surface
tension at 25 °Cis 72 mN/m. As a result, membranes that have a high contact angle (high
hydrophobicity), small pore size, low surface energy and high surface tension for the feed
solution possess a high LEP value [46]. The maximum pore size to prevent wetting should
be between 0.1-0.6 um [47]. Moreover, the possibility of liquid penetration in VMD is

higher than other MD configurations, so a small pore size is recommended [48].
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2.3.1.2. Membrane thickness. The membrane thickness is a significant characteristic in
the MD system. There is an inversely proportional relationship between the membrane
thickness and the permeate flux. The permeate flux is reduced as the membrane becomes
thicker, because the mass transfer resistance increases, while heat loss is also reduced as
the membrane thickness increases. Membrane morphology, such as thickness and pore size
distribution, has been studied theoretically by Lagana. et al. [49]. They concluded that the
optimum membrane thickness lies between 30—60 um. It is worth noting that the effect of
membrane thickness in AGMD can be neglected, because the stagnant air gap represents

the predominant resistance to mass transfer.

2.3.1.3. Membrane porosity and tortuosity. Membrane porosity refers to the void volume
fraction of the membrane (defined as the volume of the pores divided by the total volume
of the membrane). Higher porosity membranes have a larger evaporation surface area. Two
types of liquid are used to estimate membrane porosity. The first penetrates the membrane
pores (e.g., isopropyl alcohol, IPA), while the other, like water, and does not. In general, a
membrane with high porosity has higher permeate flux and lower conductive heat loss. The

porosity (&) can be determined by the Smolder—Franken equation [50]

1—pm (2.2)
ppol

where pm and ppol are the densities of membrane and polymer material, respectively.
Tortuosity (t) is the deviation of the pore structure from the cylindrical shape. As a
result, the higher the tortuosity value, the lower the permeate flux. The most successful

correlation was suggested by Macki—Meares [51], where:
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2.3.1.4 Mean pore size and pore size distribution. Membranes with pore size between
100 nm to 1 um are usually used in MD systems [34]. The permeate flux increases with
increasing membrane pore size [52]. The mechanism of mass transfer can be determined,
and the permeate flux calculated, based on the membrane pore size and the mean free path
through the membrane pores taken by transferred molecules (water vapor). Generally, the
mean pore size is used to determine the vapor flux. A large pore size is required for high
permeate flux, while the pore size should be small to avoid liquid penetration. As a result,
the optimum pore size should be determined for each feed solution and operating condition.

In fact, the membrane does not have a uniform pore size so more than mass transfer
mechanisms occur simultaneously (depending to the pore size). There are several
investigations examine the importance of pore size distribution in MD flux [53-55]. Khayet
et al. [54] reported that, care must be taken when mean pore size is utilized to calculate
vapor transfer coefficient instead of pore size distribution. However, Martinez et al [55]
obtained a similar vapor transfer coefficient when the mean pore size and pore size
distribution were used. Better understanding of membrane morphology such as pore size,
pore size distribution, porosity, and thickness directs to have an accurate mass and heat
transfer modelling. Regarding to the MD membrane, two types of characteristics can be
analyzed, the structural characteristic and the actual separation parameters (permeation)

[52, 56].
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2.3.2. Membrane Modules

2.3.2.1. Plate and frame. The membrane and the spacers are layered together between two
plates (e.g., flat sheet). The flat sheet membrane configuration is widely used on laboratory
scale because it is easy to clean and replace. However, the packing density, which is the
ratio of membrane area to the packing volume, is low and a membrane support is required.
The flat sheet membrane is used widely in MD applications, such as desalination and water

treatment.

2.3.2.2 Hollow fiber. The hollow fiber module, which has been used in MD, has
thousands of hollow fibers bundled and sealed inside a shell tube. The feed solution flows
through the hollow fiber and the permeate is collected on the outside of the membrane fiber
(inside-outside), or the feed solution flows from outside the hollow fibers and the permeate
is collected inside the hollow fiber (outside-inside) [42]. For instance, Lagana. et al. [49]
and Fujii. et al. [57] implemented a hollow fiber module (DCMD configuration) to
concentrate apple juice and alcohol respectively. Also, saline wastewater was treated
successfully in a capillary polypropylene membrane [58]. The main advantages of the
hollow fiber module are very high packing density and low energy consumption. On the
other hand, it has high tendency to fouling and is difficult to clean and maintain. It is worth
mentioning that, if feed solution penetrates the membrane pores in shell and tube modules,

the whole module should be changed [42, 59].
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2.3.2.3. Tubular membrane. In this sort of modules, the membrane is tube-shaped and
inserted between two cylindrical chambers (hot and cold fluid chambers). In the
commercial field, the tubular module is more attractive, because it has low tendency to
fouling, easy to clean and has a high effective area. However, the packing density of this
module is low, and it has a high operating cost. Tubular membranes are also utilized in
MD. Tubular ceramic membranes were employed in three MD configurations: DCMD,
AGMD and VMD to treat NaCl aqueous solution, where salt rejection was more than 99%
[44].

2.3.2.4 Spiral wound membrane. In this type, flat sheet membrane and spacers are
enveloped and rolled around a perforated central collection tube. The feed moves across
the membrane surface in an axial direction, while the permeate flows radially to the center
and exits through the collection tube. The spiral wound membrane has good packing
density, average tendency to fouling and acceptable energy consumption.

It is worth stating that there are two possibilities for flow in a microfiltration
system: cross flow and dead-end flow. For cross flow, which is used in MD, the feed
solution is pumped tangentially to the membrane. The permeate passes through the
membrane, while the feed is recirculated. However, all the feed passes through the

membrane in the dead-end type [59].

2.3.3. Types of MD Membranes

The requirement of MD membranes is that at least one of the layers should be made of a
hydrophobic material and be porous. The pore size range of MD membranes range from
several nanometers to a few micrometers. The membrane should exhibit good thermal

stability and long-term stability. The membrane material should have superior chemical
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resistance to various feed solutions. The commercially used MD hydrophobic membranes
are made of different polymers such as polypropylene (PP), polyvinylidene fluoride
(PVDF), polytetrafluoroethylene (PTFE) and polyethylene (PE) available in tubular,
capillary or flat sheet forms have been used in MD experiments. Detailed explanations of
the used characterization techniques of some commercial membranes may be found
elsewhere [60].

It is worth quoting that PTFE represents an ideal material for MD membrane
fabrication owing to its super- hydrophobic nature among polymers and possess one of the
best chemical resistance and thermal stability. The basic disadvantage of PTFE lies in its
challenging process ability. Commercial PTFE membranes are usually manufactured
through extrusion, rolling and stretching or sintering procedures [61]. Other polymers such
as PP and PVDF can also be employed as MD membranes which are manufactured by
either molten extrusion technique followed by stretching or by thermal phase separation
process that requires dissolution of the polymer at high temperature in solvents[61]. PVDF
on the other hand can be easily produced by phase inversion process, by simply immersing
the cast solution film in a coagulant bath.

Compared to the synthetic membranes fabricated for different membrane processes
such as reverse osmosis (RO), pervaporation (PV), ultrafiltration (UF), nanofiltration (NF)
and gas separation, limited research has been performed on the fabrication and
modification of membranes for MD process specifically. As defined earlier, the MD
membrane architecture must display specific features and achieve specific requirements.
Therefore, the study on the fabrication of MD membranes is very essential. Some

noteworthy results have been accomplished over the last 6 years on the fabrication and
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modification of polymeric membranes for MD applications leading to an increase in
reliability for the MD process which will be discussed in this review.

Improved MD membranes with specific morphology and structure are highly
required for commercialization of the process. Membranes with varied pore sizes,
porosities, thicknesses, materials are required to carry out systematic MD studies for a
detailed understanding of the mass transport in different MD configurations and thus
improving the permeate flux and selectivity.

Hydrophobic porous membranes can be prepared by different methods depending
on the properties of the chosen materials. Microporous membranes can be made by
sintering, stretching, phase inversion or thermally induced phase separation (TIPS) [62,
63]. Moreover, various physical and chemical techniques have been performed for
membrane surface modification including coating, grafting, plasma polymerization, etc.
Recently, copolymers like poly(vinylidenefluoride-hexafluoropropylene) (PVDF-HFP)
and polyvinylidenefluoride-tetrafluoroethylene (PVDF-TFE) are employed in the
preparation of MD membranes in flat sheet or hollow fiber using the phase inversion
technique[64-67]. Membrane surface modification using different technologies such as
grafting, differential chemical etching, coating, or blending fluorinated surface modifying
macromolecules (SMMs) with hydrophilic polymers have been also tested for different
MD systems and configurations [44, 67-71]. In the recent past attempts were made to use
nanofiber membranes prepared by electro-spinning method in AGMD desalination [72]
and carbon nanotube bucky-paper membranes in DCMD desalination[73] which will be

discussed in more details in the later sections of this thesis.
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2.3.3.1. Carbon Nanotubes (CNTs) Membranes. Carbon nanotubes (CNTSs) have gained
significant interest since their discovery in 1991 [74] owing to their exceptional
mechanical, optical, and electrical properties that make them suitable for a wide range of
applications including catalysis, electronics, environmental applications and molecular
sensing [75-77]. CNTs are made of cylindrical graphite sheets rolled up in a tube like
structure [78]. Single-walled carbon nanotubes (SWCNTSs) have cylindrical shape with
single shell of graphene and multi-walled carbon nanotubes (MWCNTS) have multiple
layers of graphene sheets. Both SWCNTs and MWCNTSs have been used for direct water
desalination [79-81] or indirectly to remove contaminants that complicate the desalination
processes [82].CNTSs are excellent materials for electrode production for use in desalination
of water using a flow through capacitor [83, 84]. Single, double, and multi-walled carbon
nanotubes have been made of various sizes, and modern fabrication techniques have
facilitated the arrangement of tube alignment of controllable sizes [85-87] and within
membranes [88-91] which has opened the door to potential filtration applications.
Measurements have shown selective gas transport via carbon nanotube membranes [91] in
support of preceding simulation studies [92].

Properly aligned CNTs can serve as robust pores in membranes for water
desalination and decontamination based uses [93]. The hollow CNT structure delivers
frictionless transport of water molecules, thus making them appropriate for the growth of
high flux separation methods. Suitable pore diameters can establish energy barriers at the
channel entrances, eliminating salt ions and allowing water to pass through the nanotube
hollows [94]. CNT pores can be modified to selectively sense and reject unwanted solutes

[95]. CNTs have antifouling, self-cleaning and reusable features. Efforts have been made
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to demonstrate potential of CNT membranes to resolve water desalination and resource
concentration and recovery. CNT-membranes deliver almost frictionless flow of water
through them by retaining an extensive spectrum of water contaminants. The inner hollow
cavities, high aspect ratios, smooth hydrophobic walls of CNTs allow super-efficient
transport of water molecules.
2.3.3.1.1 Bucky paper Carbon Nanotubes.
Bucky paper (BP) CNTs refer to the randomly entangled CNTSs into a non-woven, paper-
like, structure with a porous 3D network, highly flexible, mechanically robust and has large
specific surface area [96]. Owing to the simple preparation technique, Bucky-papers were
one of the first macroscopic structures invented from CNTs and their mechanical,
electrical, and thermal properties have been comprehensively investigated [73, 97-102].
CNTs tend to agglomerate due to van der Waals interactions, and it is these van der Waals
interactions which also hold the CNTs together into a cohesive Bucky-paper. Longer, fewer
walled and pure nanotubes usually lead to stronger Bucky papers with greater tensile
strengths[98, 103]. Increasing the MWNT diameter reduces the attractive van der Waals
forces between CNTSs, leading to lower tensile strength and poor cohesiveness of the BPs.
Functionalization of MWNTSs or the addition of polymers can improve the tensile strength
to some extent [98].

Commercial MD membranes such as PP, PVDF and PTFE are highly hydrophobic,
expensive and difficult to process [104]. It is therefore vital to explore other choices as well
as techniques for enhancing the process efficiency by altering the membrane properties and

structure. CNT Bucky-Paper (BP) membranes, which is a paper-like structure of CNTs
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processed by vacuum filtration [105] have been applied extensively in MD processes by
Dumee et.al [73].

The CNTs were grown by chemical vapor deposition (CVD). A 1-5 nm thick iron
catalyst film was deposited onto a silicon substrate bearing a thin silicon dioxide layer. A
mixture of helium (95%)-acetylene (5%) was used as the carbon feedstock and heated to
between 650 and 750 °C. The CNTSs produced had an outer diameter of ~10-15 nm and
length of 150-300 um.[106]. The CNT BP membranes were processed by vacuum filtration
of CNTs dispersed in 99.8% pure propan-2-ol[73]. Well-dispersed CNT suspensions were
obtained by repeated sonication for 15 min intervals at a power of 150 W. Vacuum filtration
was performed with a 47 mm diameter Millipore filtration unit with house line vacuum.
The CNTSs were filtered onto a polyethersulphone (PES) membrane with 0.2-um pore size
and then peeled off to form a self-supporting membrane.

Another study reported the CNT-BP composite fabrication[107] where the grown
CNTs were dispersed in propan-2-ol. The suspensions were sonicated up to 5 times, for 15
minutes and at 150 W, in a sonicating bath. Once well-dispersed, CNT suspensions were
achieved which were filtered through a Millipore filtration unit. This study reported the
fabrication of composite CNT BP membranes by three methods. The first method involved
hot pressing the self-supporting BPs between two layers of porous PP supports making it
a “sandwiched BP”. The three layers were maintained between two stainless steel plates
and hot-pressed at low pressures for 15 min at 80°C. The second method involved filtration
of the suspensions of dispersed CNTs through a PP support with a PES membrane
underneath with CNTs present on and within the pores of the PP support. The PP-CNT

cake was sandwiched with another layer of PP support and the layers were hot-pressed
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together under the same conditions as the first method. The third technique used partial
embedding of self-supported BPs by vacuum filtration of a polymer/solvent solution,
across the self-supporting membrane. Solutions at 5% of either Polystyrene (PS) or PVDF
in Di-Methyl-Formamide (DMF) were used. After polymer infiltration, 99.99% pure DMF
was filtered through the membrane to remove any non-bonded polymer.

Results showed that PTFE membranes are amongst the best available for MD[108]
and as expected, the flux reached steady state after an initial settling period of ~15-20 min.
The BPs on the other hand behaved differently where the flux initially increased over the
first 15 min before stabilizing. However, it was observed that this stabilization was
followed by a slow decline until the membrane broke. The origin of this declining flux is
still uncertain. This could be due to several factors. It may be a result of temperature
polarization as the BP membranes had a thermal conductivity 10 times higher than that of
PTFE membrane. Different feed temperatures were investigated which showed that the
temperature polarization coefficients for both the PTFE and BP membranes were always
greater than 0.9. The authors indicated that temperature polarization is not a dominant
effect. However further work is required to characterize the effects of temperature
polarization more thoroughly and to determine its dependence on feed temperature and
structure of the membrane.

Another study reported that the decline in BP membrane flux with time could be
due to factors such as physical ageing of the membrane including micro-crack formation.
The declining flux of the BP membranes may also result from gradual compaction of the
membrane due to pressure from the hot and cold water streams [49, 109]. A previous study

has shown that the permeate pressure plays a role in flux determination and membrane
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behavior[110]. Self-supporting BP membranes were successfully operated in a DCMD
setup to desalinate synthetic seawater achieving a flux on the order of 5-25 kg/m? h [73].
They also exhibited a high contact angle (113%), high porosity (90%), and relatively low
thermal conductivity of 2.7 kW/m? h with 99 % salt rejection. Results are encouraging as
the BP membranes fabricated had no supports or binding agents and are a promising
alternative to current polymeric membranes. The CNTs within the BP membrane were held
together solely by Van der Waals interactions.

Gray et.al chemically modified high purity CNTs by UV/ozone treatment to create
hydroxyl groups and substituted with alkoxysilane based groups [111]. The UV/ozone
modified CNTs underwent a two-step alkoxysilane treatment to maintain hydrophobicity.
This could possibly lead to increased hydroxyl group formation. Another alternative is
coating with more hydrophobic additive materials such as fluoro-silane to engineer super-
hydrophobic surfaces. However, different geometries or material supports should be taken
into consideration for improving the performances of the membranes. Additional work is
essential to completely comprehend their properties and behavior and to make the most of
their potential in MD. Research is under way to fully characterize the BP thermal behavior
and detect the role of heat diffusivity and heat conductivity on flux and temperature
gradient. Other composite material membranes could be processed to optimize the
performances of CNT BP membranes in MD.

2.3.3.1.2. CNT Mixed Matrix Membranes

Continues research and development is being carried out in both academia and industries
on mixed matrix membranes due to their distinctive properties linking integral features of

polymer and inorganic fillers. Mixed matrix membrane refers to incorporating
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nanomaterials or solid particles into a continuous polymer dope solution. The application
of these membranes is an excellent technigque to achieve instrumental effects between the
polymeric matrix and solid particles. Hollow fiber or the flat sheet membranes are prepared
by the addition of solid particles into the polymer matrix via phase inversion. Solid particles
include dispersed nanomaterials such as zeolite and carbon nanotubes in the polymer dope
solution.

Compared to conventional MD membranes, the immobilization of CNTs
in polymeric matrices (e.g. PVDF) results in the so-called MMMs, that has the potential to
reduce the operating temperature of the MD process while increasing the water fluxes
[112]. For instance, the advantageous effect of CNTs on MMMs has been described
for polyamide membranes, and credited to the enhanced mechanical resistance of the
membrane and both salt and organic matter rejection [113]. Despite their extraordinary
properties, the CNT’s tend to form bundles by van der Waals forces between the
tubes[114], as well as their inert graphitic surface, may cause unwanted interaction with
the polymer when composites are fabricated, thus limiting the CNTSs effective dispersion.

In order to address this issue, functionalization of CNTs can enhance the sturdiness
and stability of the membrane structure. A recent study employed MWCNTSs in the
fabrication of PVDF blended membranes, investigating various synthesis parameters such
as the loading and surface chemistry of the MWCNTSs and pore former loading. The
resulting MWCNT/PVDF blended membranes were tested in DCMD of salty water and
the membrane properties correlated with the performance obtained in terms of water
permeation and salt rejection [115]. MWCNT/PVDF blended membranes were prepared

by the phase inversion method where a suitable amount of MWCNTSs was dispersed in 60
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mL of NMP for 10 min by using an ultrasonic processor until achieving a uniform
dispersion. PVP was added as pore forming agent. The PVDF polymer was passed through
vacuum at high temperature overnight before dissolving in the NMP dispersion under
continuous stirring at 70 °C for 2 h to form a homogeneous casting solution. The PVDF
solution was cooled down to room temperature overnight to remove the air bubbles trapped
within. The degassed solution was casted on a glass plate through spin-coating at high
speed and then dipped immediately into a DI water coagulation bath at 22°C to prompt
precipitation of the PVDF by NMP/water mixture to make a defect free membrane. The
membrane was peeled off from the glass dish and moved to another DI water bath to
eliminate the residual solvent. Some authors have proposed natural drying after treatment
to avoid pore collapse [116].

It was observed recently that on increasing the CNT loading up to an optimum of
0.2 wt. % resulted in membranes with large pore sizes, high pore density and sponge-like
pores, also leading to the highest water flux obtained with salty water (9.5 x 10— 3 kg m ™2
s~ 1) while maintaining 100% salt rejection [115].
2.3.3.1.3. Electrospun CNT membranes
In recent years, electrospun membranes, a class of mixed matrix membranes have attracted
significant interest for desalination and water reuse applications in membrane based
processes [117]. Electrospinning involves the production of ultrafine fibers using high
voltage electric field on a polymer solution [118]. Fabricated membranes demonstrate
exceptional properties such as high hydrophobicity and porosity and high surface area to
volume ratio compared to conventional membranes, thus making it an attractive alternative

for MD applications [119]. Moreover, the properties of nanofibers such as layer thickness,
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fiber diameter, and porosity can be altered by choosing materials and adding them into
dope solution [119, 120].

Although the preparation of electrospun membranes for MD application has
progressed in recent years, there are still limitations related to the durability, robustness,
and mechanical stability of the membrane. Electrospun nanofiber membranes has already
been prepared using many hydrophobic polymers [121-123] and they possess many
excellent properties such as high porosity, interconnected open pores and hydrophobic
surface [124-127]. The polymers used play a role in the hydrophobicity and cannot prevent
wetting in long-term experimental studies. Thus, significant efforts have been devoted to
render electrospun membrane surface more hydrophobic [128-131].

It has been stated that carbon-based composite membranes predominantly carbon
nanotubes (CNTSs) can significantly improve the performance as well as the membrane
properties. Combination of the superior properties of electrospun membrane and the
exceptional features of CNTs, a CNT/polymer composite nanofiber could result in ideal
membrane properties required for MD performance enhancement. A recent study reported
a one-step colloid electrospinning technique to develop robust, super hydrophobic
nanofiber membranes for DCMD applications [132]. The upper thin layer was composed
of CNT/polymer nanofiber and the thick bottom layer consisted of smooth, highly neat
porous polymer nanofibers. The incorporation of pristine CNTs increased the surface
roughness leading to a super hydrophobic surface (significant increase in contact angle
compared to the commercial PVDF membrane). Incorporating CNTs increased the tensile

strength of the fabricated membrane, improved permeate flux with a salt rejection of >
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99.99 %, providing a scalable methodology for prospective mass manufacturing for MD
applications.

Another study investigated the role of CNTs in the performance enhancement based
on theoretical phenomena and modelling studies [133] [134]. The membranes were
fabricated by dissolving the polymer dope (containing CNTSs) into a mixture of DMF and
acetone and electrospun at a rate of 0.7 mL/h with a voltage of 18 kV. The dope
electrospinning stability was enhanced using lithium chloride. The residual solvent
evaporated by putting the membrane surface under vacuum at 60 °C overnight. Results
showed that although the improvement of the mass transfer can enhance the permeate flux;
heat transfer modification is also required to explain the increase in the permeate flux of
DCMD with the fabricated membranes.

Another study investigated CNT agglomeration as a result of incomplete
distribution in aqueous environment [135] due to relatively long fabrication time. Thus, the
electrospun CNT membranes become prone to beads formation and pore blocking. A
spraying method was suggested to overcome this problem to form a homogeneous CNTs
network on the membrane surface by spraying the CNTs/ethanol dispersion on membrane
surface with rapid ethanol evaporation rate. The fabricated membranes were tested by
VMD method and the results demonstrated that the CNT coated electrospun membranes
possessed anti-wetting properties and higher water flux.

2.3.3.1.4. CNTs Immobilized on polymer surface

Recent studies have demonstrated immobilization of CNTs on different membrane surfaces
that play a role in altering solute-membrane interactions, which is a predominant

physicochemical factor affecting the permeability and selectivity of a membrane. The
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CNTs serve as a sorbent and provide an additional pathway for transport of solute through
the membrane. Surface coating of CNTs have been applied to solvent extraction and
pervaporation [136] [137] and have demonstrated superior performance.

The CNT coating was prepared using hollow fiber as the starting material.
MWCNTs were dispersed in a solution of acetone and PVDF (acts as a binder) and
sonicated for 4 hours. The PVDF/CNTSs dispersion was then forced under controlled
vacuum into the pores of the polypropylene membrane [138]. Surface coating of CNTs
(referred to as carbon nanotube immobilized membrane (CNIM)) resulted in a significantly
higher flux and salt rejection for a wide range of salt concentrations over a conventional
PVDF membrane.

Mitra.et.al reported the use of CNIM in SGMD that showed a significant
enhancement in desalination [28]. Another recent study synthesized functionalized CNTs
immobilized membranes on the hydrophobic porous PP support to generate pure water
from high concentration brine mixtures. High water flux (36.8 kg/m? h) at 70 °C was
achieved for CNT-COOH-PP membrane with salt rejection greater than 99.9%. This was
credited to the fact that the CNTSs serves as sorbent sites for vapor transport, rejecting the
water [22]. The membranes showed stability over long period without any fouling and
breakage. CNIM was also used in MD for concentrating pharmaceutical waste and
simultaneously generating pure water [139] and in desalination applications via MD on
PTFE membrane surface where the permeate flux reached a maximum of 77 kg/m? h [140].
Functionalized CNTs have been demonstrated in nanofiltration applications [141]. A
recent study on MD investigated that effect of functionalization on the interaction of

nanotubes with the polar water vapor which improved desalination efficiency [142].
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Mitra.et al developed CNIM comprising of a two-layer structure with a layer of
hydrophobic octadecyl amide group on the feed side and functionalized CNTs on the
permeate side for water desalination by membrane distillation. It was observed that the
hydrophobic CNTs led to higher water vapor permeation, while the hydrophilic CNTs
enabled water vapor condensation leading to improved performance [143].Carbon
nanotube immobilized membranes (CNIM) were also fabricated via phase inversion
technique for water vapor diffusion. Significantly high water vapor flux (51.4 L/m? hr) was
achieved with no salt leakage [144].

Enhanced ammonia separation using CNIM via DCMD has also been investigated.
The flux with CNTs was 63% higher than the PTFE membrane, twice that of what has been
reported before. Comparable trends were obtained for ammonia removal efficiency. The
enhancement in ammonia removal is attributed to the favored chemisorption of ammonia
on the CNTs [145]. Enhanced VOC removal from their aqueous mixtures via SGMD in
the presence of CNTs where investigated [146]. The CNTs considerably altered the liquid—
membrane interactions to promote solvent transport by impeding water penetration into the
membrane pores. The solvent flux, separation factor and mass transfer coefficient were
significantly higher with CNIM than the unmodified membrane at different experimental
conditions with enhancement in separation factor reaching 350% at 70°C. The
enhancement in performance with CNIM was primarily due to the preferential sorption on
the CNTs followed by rapid desorption from its surface. A very recent paper reported the
scaling reduction in CNIM by the use of the antiscalants [147]. High salt concentrations
were intentionally used to initiate scaling on the membranes where CNIM showed

significantly improved antiscaling behavior. The CNTs enabled the removal of deposited
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salts by washing and regained 97% of its initial water flux, whereas the polypropylene only
regained 85% of the original value.

2.3.3.2 Graphene Based Membranes. Recently, graphene has been confirmed to be an
excellent platform for developing size selective molecular separation membranes because
of its atomic thickness, high mechanical strength, and chemical inertness [148, 149].
Graphene composes of a single layer of carbon atoms arranged in a sp? -bonded aromatic
structure [150]. The delocalized electron clouds of w-orbitals occupy the voids of aromatic
rings in a graphene sheet, thereby effectively preventing the permeation of even the
smallest molecule, helium [151]. Therefore, graphene was tested to be an impermeable
material in its pristine state. Nevertheless, protons were reported to be able to penetrate
through monolayer graphene[152]. The impermeability of graphene for molecules makes
itis applicable as a barrier layer for gases and liquids, or to protect metallic surfaces against
corrosion [153, 154]. For molecular separation, a graphene-based membrane must be
functionalized with nanopores or nanochannels through chemical or physical approaches.
The typical graphene-based materials for this purpose are nanoporous graphene and
graphene oxide (GO) membranes.

Graphene oxide (GO) nanosheets can be assembled into laminar structures via
filtration or coating approaches, providing fast and selective 2D nano-channels for
transporting small molecules. The pioneering work of Geim.etal. found that
submicrometer-thick laminates formed from GO can be completely impermeable to
liquids, vapors and gases, but allow unimpeded permeation of water [155]. From then on,
the assembled GO membranes have been reported for applications in water

purification[156] and solvent dehydration [157, 158]. Meanwhile, graphene-based
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laminates can also exhibit gas separation characteristics if their stacking structures are
carefully controlled [159]. Apart from the all-graphene membranes, graphene-based
composites [160, 161], which generally combined graphene or GO nanosheets with
polymers or inorganics, have gained ground as a means of improving selective-permeation
and/or anti-fouling properties of the pristine membranes. Graphene-based membranes
constructed by different approaches possessed distinct microstructures and transport
pathways, enabling them to be applied for various membrane processes such as pressure
filtration (e.g., ultrafiltration [162] , nanofiltration [163], reverse osmosis[164], forward
osmosis [165], pervaporation [157, 161, 166] and gas separation [159].

Graphene can be produced by four major methods: micro-mechanical exfoliation
of graphite, chemical vapor deposition, epitaxial growth, and the reduction of graphene
oxide (GO) [167]. The first three techniques can produce relatively perfect graphene
structures; however, mass production of graphene from these methods is still
questionable [168]. In comparison, GO can be produced by cost-effective methods with a
high yield by using cheap graphite as the raw material. It shows attractive physical
properties like those of graphene. In addition, GO possesses many functional groups such
as hydroxyls and epoxides, which make it molecularly tunable on surface properties to
ensure good compatibility with various polymer materials. However, since GO is
inherently hydrophilic, incorporating GO into PVDF membranes would lower the contact
angle and wetting resistance [169]. In addition, the different surface tensions between GO
and PVDF may engender GO agglomeration and result in poor mixing in casting solutions.
Therefore, surface modification of GO is necessary to increase its hydrophobicity and

interaction with PVDF. Recently, some studies have successfully rendered hydrophobicity
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to GO via alkyl amine functionalization [170]. The modified GO has been blended with
polymers such as polyethylene to form nanocomposites with significantly high mechanical
properties [171].

To enhance the mechanical properties and wetting resistance of poly (vinylidene
fluoride) (PVDF) membranes for membrane distillation (MD) of seawater, a recent study
added n-butylamine modified graphene oxide (GO-NBA) in PVDF flat-sheet and hollow
fiber membranes. For the first time, it was found that the addition of GO-NBA leads to
PVDF flat sheet membranes with greater mechanical properties than that of conventional
GO because of better compatibility, dispersity, and crystalline structure. The addition of
the GO-NBA also improved the mechanical properties of PVDF hollow fiber membranes
in both tensile and hoop directions. With a small loading of 0.5 wt% GO-NBA in PVDF
hollow fiber membranes, the maximum tensile stress, maximum tensile stain, and Young's
modulus increase by 32%, 63% and 71%, respectively, while the liquid entry pressure
(LEP) and burst pressure jump by 67% and 15%, respectively. Under direct contact
membrane distillation (DCMD), the 0.5 wt% GO-NBA incorporated membrane shows a
flux of 61.9 kg m-2 h-1 and a salt rejection of 99.9% using a model seawater as the feed at
80 °C [172]. Another study elucidated the influence of graphene (G) and graphene oxide
(GO) content on the desalination performance and scaling characteristics of
G/polyvinylidene fluoride (G/PVDF) mixed matrix and GO/PVDF composite-skin
membranes, applied in a direct contact membrane distillation process (DCMD) [173].
Inclusion of high quality, nonoxidized, monolayered graphene sheets as polymer
membrane filler, and application of a novel GO/water-bath coagulation method for the

preparation of the GO/PVDF composite films, took place. Water permeability and
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desalination tests via DCMD, revealed that the optimal G content was 0.87 wt %. At such
concentration, the water vapor flux of the G/PVDF membrane was 1.7 times that of the
nonmodified reference, while the salt rejection efficiency was significantly improved
(99.8%) as compared to the neat PVDF. Similarly, the GO/PVDF surface-modified
membrane, prepared using a GO dispersion with low concentration (0.5 g/ L), exhibited
two-fold higher water vapor permeate flux as compared to the neat PVDF, but however,
its salt rejection efficiency was moderate (80%), probably due to pore wetting during
DCMD. The relatively low scaling tendency observed for both G and GO modified
membranes was primarily attributed to their smoother surface texture as compared to neat
PVDF, while scaling is caused by the deposition of calcite crystals, identified by XRPD
analysis.

GO can be particularly attractive to MD for multiple reasons such as the selective
sorption of water vapors, nanocapillary effect for selective sieving of pure water from brine
and the reduction in temperature polarization. The pore chemistry of GO where the carbon
atoms adjacent to the pores are preferentially hydroxylated or carboxylated are also
expected to enhance flux [174]. Recent research has shown that GO can be used to fabricate
high performance membranes either as the main constituent material or as an additive to
other matrix materials. Owing to the abundant functional groups of GO, it can be readily
functionalized with other molecules which can alter its properties [175]. Amongst these, is
the functionalisation with silanes, which have been shown to improve the dispersability of
GO in epoxy resins for composite materials [176] and improve the performance and
mechanical strength of ultrafiltration membranes [177]. A recent study focused on the

fabrication of high flux, robust membranes for the purification of artificial sea water by
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incorporating graphene oxide functionalized with 3-(aminopropyl)triethoxysilane (APTS)
into PVDF polymer solutions [178]. It was shown that the addition of GO and GO-APTS
enhanced the permeate flux by 52% and 86%, respectively, compared to pure PVDF. These
improvements were attributed to increased surface and bulk porosity, larger mean pore size

and hydrophilic interactions owing to the functional groups of GO and GO-APTS.

2.4 MD Applications
MD is going to be an attractive technology for separation processes due to its unique
properties. Dealing with water as a key component of chemical and physical processes and
high separation factor are the most attractive characteristics of MD technology. Nowadays,
MD is used in environmental, food, pharmaceutical, and nanotechnology industries. Also,
MD can be used as a single-step process or can be combined with other separation

techniques as a last stage [179]. Some applications of MD are the following:

1. Desalination of seawater, brackish water, groundwater, and brines brought from
other units.

2. Industrial wastewater treatment including radioactive waste treatment,
concentration of nonvolatile acids, volatile acid recovery from industrial effluents,
salt recovery by membrane distillation crystallization (MDC), and textile industry
effluents.

3. Preparation of distilled water, pure water, and ultrapure water for medical and
pharmaceutical purposes.

4. Production of liquid food concentrates such as mandarin juice, sucrose solution,
whey, and apple juice.

5. Volatiles removal from fruit juice, alcohols, halogenated VOCs, and benzene by
VMD and SGMD.

6. Dealcoholization of fermented beverages and enhanced ethanol production using
DCMD.

7. The most important MD application is desalination of wastewaters including high
percentage of salt molecules for safe discharge into the environment or to produce
drinkable, pure, and ultrapure water. The theoretical 100% rejection of nonvolatile
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solutes, colloids, and biological matters by MD guarantees the elimination of all
unwanted solutes that are often existing in water sources. The treated water by MD

shows an electrical conductivity as low as 800 puS/cm with total dissolved solids
(TDS) of 0.6 ppm [180].
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CHAPTER 3

ENHANCED MEMBRANE DISTILLATION OF ORGANIC SOLVENTS FROM
THEIR AQUEOUS MIXTURES USING A CARBON NANOTUBE
IMMOBILIZED MEMBRANE

3.1 Introduction

Thermal distillation is one of the most common methods for the separation of liquid
mixtures. However, this cannot be used to separate azeotropes where the composition
remains unchanged in the vapor and liquid phases. Conventional distillation also has short
comings such as high energy requirements, poor separation for close boiling liquids and
heating to boiling point may lead to undesirable side reactions and deterioration to heat
sensible materials. On the other hand, separation in membrane distillation (MD) is driven
by a vapor pressure differential across a membrane which is created by having a hot feed
and a lower permeate side temperature [181]. MD can be carried out at a temperature below
the boiling point and shows high rejection of dissolved and non-volatile species. From a
practical standpoint, the footprint of MD systems is smaller than the thermal distillation
units and the hydrophobic porous membranes used in MD have relatively lower fouling
than dense membranes used in other techniques such as reverse osmosis [182-185]. MD
has been used in applications such as water desalination, solute concentration, and recovery
of volatile compounds from aqueous solutions [46, 181, 186-189], and the low temperature
operation has been facilitated by waste heat, low pressure steam and also solar energy [190,
191].

Among the different MD configurations, the sweep gas membrane distillation

(SGMD) shows relatively low conductive heat loss and higher flux compared to direct
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contact MD (DCMD), less energy consumption compared to vacuum MD (VMD), as well
as simpler instrument design and higher flux compared to air gap MD (AGMD). SGMD
typically shows lower flux in comparison to DCMD and VMD, however, since we are
interested in removing a volatile species for later collection, having a sweeping gas in the
permeate side allows relatively easier recovery of the organic solvent [192-194].

The enhancement of membrane performances by producing innovative membrane
architecture is of significant importance for MD. Numerous membrane materials based on
polypropylene (PP), polyvinylidene difluoride (PVDF) and Teflon have been used [45,
195]. Diversity in surface modification of MD membranes have been achieved by radiation
graft polymerization, plasma polymerization, grafting ceramic membranes, hydrophobic
or hydrophilic surface coating, casting hydrophobic polymer over flat sheet or porous fibers
as supports, co-extrusion spinning and use of surface modifying macromolecules (SMMs)
[68, 69, 144, 196-200]. A double-layer hydrophilic-hydrophobic polyacrylonitrile PVDF
hollow fiber membranes has been reported [201] besides the combination of hydrophilic
base polymer with a hydrophobic surface modifying macromolecules [202].

Carbon nanotube-based membranes have been used in a variety of separation
applications that range from pervaporation, extraction to nanofiltration [141, 203-205]. The
physicochemical interaction between the solutes and the membrane can be dramatically
altered by immobilizing CNTs on the membrane surface [142, 143, 206]. First, CNTSs are
excellent sorbents that have surface areas between 100-1000 m?/g [46, 207]. Many factors,
such as the presence of defects, capillary forces in nanotubes, polarizability of graphene
structure led to strong sorbate/sorbent interactions, the absence of a porous structure led to

high specific capacity while facilitating fast desorption of large molecules [208-210]. A
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more recent development in MD has been the development of carbon nanotube
immobilized membrane (CNIM) for desalination where the CNTs increase the partitioning
of the water vapor while rejecting hydrogen bonded salt-water phase leading to dramatic
increase in flux [189, 211, 212]. We have already employed the CNIM successfully in
sweep gas membrane distillation (SGMD) to show significant enhancement in desalination
[28]. It was observed that the water vapor flux for SGMD remained constant with
increasing salt concentration, reaching up to 19.2 kg/m?.hr [142].

Isopropyl alcohol (IPA) is a common industrial solvent used in many chemical and
pharmaceutical industries. IPA forms an azeotrope with water at 14.7% weight percent of
water, and is not easy to recover by the traditional distillation [213]. Although
pervaporation has been used widely to separate azeotropes and can provide high selectivity,
the flux and membrane stability remained poor [214, 215]. While MD has been used to
separate water-isopropanol mixtures, it faces issues like high energy consumption which
has been reported to be over 625 kWh/m?®[12]. Since the CNTs are also excellent sorbents
for organic molecules, it is conceivable that they can be used to enhance the separation of
aqueous-organic solvent systems as well. The objective of this study is to investigate the
separation of IPA-water mixtures using CNIM to enhance IPA separation in terms of flux

and selectivity.

3.2 Experimental

3.2.1 Chemicals and materials
IPA and acetone used in these experiments were obtained from Sigma Aldrich (St. Louis,

MO). Deionized water (Barnstead 5023, Dubuque, lowa) was used in all experiments.
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MWCNTs were purchased from Cheap Tubes Inc., Brattleboro, VT. The average

diameters of the CNTs were ~30 nm and a length range of 15 um.

3.2.2 CNIM Fabrication

Effective dispersal of CNTs and immobilization on the membrane surface was an essential
step in CNIM fabrication. The CNT membrane was prepared using a
polytetrafluoroethylene (PTFE) laminate supported on polypropylene composite
membrane (Advantec, 0.2 um pore size, 74% porosity). The CNTs dispersion was carried
out as follows: 1.5 mg of CNTs were dispersed in a solution containing 8 g of acetone and
sonicated for four hours. 0.2 mg of polyvinylidene difluoride (PVDF), which acted as a
binder during immaobilization of the CNTs was dissolved in 2 g of acetone and mixed with
CNTs dispersion. The PVDF-nanotube dispersion was thereafter applied uniformly with a
dropper over the membrane held on a flat surface to form the CNIM. The wet CNIM was
kept under the hood for overnight drying.

The CNIM was characterized using scanning electron microscopy (SEM) (Leo
1530 VP, Carl Zeiss SMT AG Company, Oberkochen, Germany). Membrane
hydrophobicity was measured via contact angle measurements using deionized water,
isopropanol and their mixture. Droplets of different concentration of isopropanol were
deposited using a micro syringe (Hamilton, 0-100 pL) on the base PTFE and the CNIM.
The droplet positions were recorded, and the contact angle was measured using a digital

video camera mounted at the top of the stage.
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3.2.3 Experimental Set Up

The MD set up was used in a sweep gas MD (SGMD) mode where a cool inert gas swept
the permeate side of the membrane and carried the vapor [52, 216]. A flat membrane
module was used to make the SGMD test cell that was fabricated from
polytetrafluoroethylene (PTFE). The experimental setup is illustrated in Figure 3.1. The
disk-shaped module had an inner diameter of 4.3 cm and an active contact area of 14.5
cm?. Peristaltic pump (Cole Parmer, model 77200-52) was used to circulate IPA-water
mixture through the membrane module and the feed was recycled. The hot isopropanol
water mixture was circulated on one side of the membrane, and the cold sweep gas on the
other side. The temperature of the feed was controlled by a water bath. The gas velocity
was measured by a flowmeter (model no EW-03217-02, Cole Parmer). Temperature was
measured with thermistor thermometers (K-type, Cole Parmer) placed on the inlet and
outlet of the stream.

Laboratory air supplied from the fume hood was passed through the permeate side
of the membrane at room temperature (22°C). Impurities such as moisture or dust in the
sweep air were reduced by passing it through a drierite laboratory air and gas drying unit
(W. A. Hammond Drierite, Xenia, OH) and a Barnstead D3750, Hollow Fiber Filter
(Barnstead International, Beverly, MA). The relative humidity of the dry air was found to
be zero. The permeate side air flow rate was kept constant at 1 L/min in all experiments.
Each experiment was repeated five times and the relative standard deviation was found to
be less than 1%.

The volumes were measured using a graduated measuring cylinder. The final

volume at the end of the experiment was measured after it was cooled down to room
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temperature. Using an enclosed feed chamber ensured that no sample was lost via
evaporation. The compositions of the feed mixture before and after the experiment were
analyzed by a UV Spectrophotometer (UV-1800 UV-Vis Spectrophotometer, Shimadzu)
to calculate the flux and separation factor. Isopropyl alcohol showed a Amax at 195 nm. A
calibration curve of IPA concentration vs absorbance at room temperature is shown in
Figure 3.2. This calibration curve was used to evaluate the IPA concentration in the feed
mixture before and after the experiment.

The liquid entry pressure (LEP) was measured using a method described
before[217]. A stainless-steel chamber (Alloy Products Corp, 185 Psi Mawp) was filled
with the IPA-water feed solution at different concentrations. The membrane held in a test
cell was connected to the liquid chamber. A gas cylinder was used to increase the pressure
above the liquid, which was increased till the liquid started to enter through the membrane
pores. The onset of the liquid entry into the membrane was the LEP. The measurement was

repeated three time to ensure reproducibility.

Dry Sweep
Air
D=
Flowmeter
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MD Module Temperature Bath
o Recycle
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Thermocouple
Thermocouple ml l
Feed Pump

Figure 3. 1 Experimental Setup for Sweep Gas Membrane Distillation.
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Figure 3.2 UV absorbance calibration curve of IPA at different concentrations.

3.2.4 Gas Permeation Test

The effective surface porosity over the effective pore length was calculated by gas
permeation test as described in literature [218]. The total molar flux per unit
transmembrane pressure difference across the porous membrane can be described as

]_l-_ 2 8RT . 1 £ p Er? (3.1)

AP~ 3°mM’ RT L, 8uRT L,

Where r is mean pore radius of the membrane, ¢is surface porosity, 1 is gas
viscosity, M is molecular weight of gas, p is the average of feed and permeate side
pressure, R is gas constant, Ly is effective pore length and T is temperature (K). The first

term in this equation denotes the Knudsen flow and the second term refers to Poiseuille
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flow. The gas permeation flux per unit driving force (Ji/Ap) can be calculated using the
equation below
Ji _ N (32)
AP~ A,
where, Ny, is total molar gas permeation rate in mol s%, AP is the transmembrane pressure
difference across the membrane area A.. The total gas permeation rate through the

membrane was measured using a bubble flow meter.

3.3 Results and Discussion

The SEM images of the CNIM and the unmodified PTFE membrane are shown in Figure
3.3 a) and b). SEM image shows porous structure of the pristine PTFE membrane and
presence of CNTs on the CNIM surface. The distribution of CNTs was relatively uniform
over the entire membrane surface. Based on the gas permeation test, the effective porosity
over pore length was found to be 1.12 x 10° m™. This value did not change with CNT
incorporation because only a small amount of CNTs had been used to fabricate the CNIM.
The thermal stability of the unmodified and CNIM membrane was studied
by thermogravimetric analysis (TGA). The TGA curves of unmodified and CNIM
membranes are shown in Figure 3.3c. It is clear from the figure that the thermal stability
of CNIM was enhanced due to the presence of CNTSs.

We have carried out long term stability tests and there was decrease in flux, no
CNTs have been detected in the feed solutions that have been recycled. CNIM was also
heated in agueous solutions for days and then inspected to see is there was loss of CNTSs.

We did not observe any appreciable loss of CNTs.
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The liquid entry pressure (LEP) of the membrane was observed to be a function of
IPA concentration in the feed mixture. The LEP of 5% IPA solution was found to be 41
and 37 psig, which changed to 27 and 21 psig at 15% IPA, and gradually dropped to 21
and 13 psig at 20% IPA solution for unmodified PTFE and CNIM, respectively. The
prolonged use of feed concentration higher than 15% could lead to membrane wetting and
leakage of the feed mixture into the permeate side as also evident from the contact angle
measurement described below.

The contact angles of the unmodified PTFE and CNIM at different IPA-water
concentrations are shown in Figure 3.4a, b and c. Droplet size of 4 mm was used to measure
contact angles. The presence of CNTs dramatically altered the contact angle. With 100%
water in the feed, the contact angle for CNIM was higher than the unmodified PTFE
membrane. Since organic molecules including alcohols are known to have strong sorption
onto CNTs [219], the presence of IPA led to strong interactions with the CNTs. Therefore,
the contact angles of the mixtures were lower in the CNIM. For example, the photograph
of the water droplet on unmodified PTFE membrane showed a contact angle of 83° with
10% isopropanol, however, after CNT immobilization, the contact angle reduced to 50°
which showed higher affinity to the membrane. CNIM provides higher adsorption of the
IPA molecules thus enhancing the flux. Improvement of IPA affinity of the CNIM
membrane over unmodified PTFE is one of the ways to enhance the separation

performance and mitigate concentration polarization.
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Figure 3.3 Scanning electron micrograph of (a) CNIM and (b) unmodified PTFE (c)
thermogravimetric analysis of PTFE and CNIM.
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Figure 3.4 (a) Photograph of isopropanol- water mixture (10 volume %) drop on

unmodified PTFE and (b) CNIM; (c) contact angle measurements on unmodified PTFE
and CNIM membrane.
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3.3.1 SGMD Performance Using CNIM and Unmodified Membrane
The separation characteristics of the membrane is described in terms of flux and separation
factor. The performance of CNIM was compared to the unmodified PTFE membrane. The

flux of species ‘i' (Jwi), across the membrane was expressed as:

Jwi = Zz: (33)
Where, Wpi was the total mass of species ‘i’ in the permeate, t is the permeate
collection time and A is the effective membrane surface area. The separation factor (o) iS
the measure of the efficiency of separation and is determined from the ratio of the
concentrations of the species ‘i’ (more permeable) and the species ‘j’ (less permeable) in
the permeate divided by the same ratio in the feed side. The separation factor of IPA can

be described as:

Yipa /y (3.4)

water

Aripa-water = xIPA/
Xwater

Where yi and X; are weight fraction of component ‘i’ in permeate and feed, respectively.
The Figure 3.5a shows a plot of IPA flux and separation factor as a function of IPA
concentration in the feed. Three different feed concentrations namely 5, 10, and 15 (volume
%) of IPA were tested. The feed flow rate was kept constant at 112 mL/min and the
temperature was maintained at 50°C. The IPA flux increased with increase in the
concentration of IPA in feed for both membranes. However, the IPA flux was higher when

CNIM was used. The presence of CNTs increased the partition coefficient of the IPA which
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is the equilibrium ratio of IPA concentration on the CNIM surface to its concentration in
the liquid phase and its effect was more distinct at higher IPA concentration. The separation
factor reduced with increase in concentration for both membranes. However, CNIM gives
a higher separation factor than the unmodified PTFE membrane at all concentrations.

The effect of feed temperature on IPA flux and separation factor of the CNIM and
the unmodified PTFE membrane is shown in Figure 3.5b. The feed flow rate was fixed at
185 mL/min and the feed concentration was 10 volume %. The permeate fluxes of both
membranes increased with increase in feed temperature. Permeate flux reached their
maximum at 70 °C with maximum flux for CNIM reaching 13 L/m?.hr., which was
significantly (over 5 times) higher than what has been reported before [220]. Overall,
CNIM showed consistently higher flux at all temperatures, although the enhancement
seemed to be most pronounced at lower feed temperatures. At 40°C the enhancement
reached as high as 130% compared to the unmodified membrane. Therefore, operations
could be carried out at significantly lower temperature on the CNIM thereby making it a
more energy efficient process. The vapor pressure of IPA increased in an exponential
manner. This trend may be explained by the Antoine equation which predicts an
exponential relationship between the driving force (vapor pressure difference) and
temperature (true for water as well). The sharp increase in vapor pressure from 40 to 50°C
is reflected in the correspondingly increase in flux. The evaporation of the mixture at the
pore entrance was affected by vapor—liquid equilibrium of IPA-water mixture which
depends upon temperature and concentration. From the figure, the IPA separation factor
for CNIM was constantly higher at all temperatures compared to the unmodified

membrane. The enhancement in separation factor of CNIM over unmodified PTFE reached
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as high as 350% at 70°C. The IPA separation factor for both membranes decreased with
feed temperature, which was attributed to the negative effects of viscosity [220].

Effect of feed flow rate on IPA flux is illustrated in Figure 3.5¢c. The feed flow rate
was varied from 42 to 185 mL/min. The feed temperature was 50°C and IPA concentration
was 10 volume %. The permeate flux increased as high as 12 L/m?2.hr with 112 mL/min
feed flow rate and the separation factor was three times higher in CNIM over unmodified
PTFE membrane. The increase in flux was much more in the case of CNIM than the
unmodified PTFE and enhancement reached as high as 174%. This can be explained by
the temperature and concentration polarization phenomenon. Increasing the flow rate
reduces the difference between the bulk and membrane surface concentration. At low flow
rates, IPA concentration was depleted at the liquid—membrane interface resulting in lower
flux. Increased turbulence caused by the higher feed flow rate increases the IPA
concentration and the vapor pressure on the feed-membrane interface resulting in an
increase in the permeate flux. In this case, as expected, the higher feed flow rate promoted
both heat and mass transfer from the bulk feed to the membrane surface, thus resulting in
higher IPA removal efficiencies [221]. It is evident from the figure that the CNIM exhibited
higher separation factor at all feed flow rates compared to the unmodified membrane.
Higher separation factor is mainly attributed to the partitioning of the IPA on the CNTs in
the CNIM. At high flow rates the residence time is short and relatively less amount of IPA

partitions on the CNIM. This leads to a drop in the separation factor at higher flow rate.
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3.4 Mass Transfer Coefficient
The flux (Jwi) can also be denoted as:
Jwi = k(Pri — Pyi) (3.5)
_Jwi (3.6)

k =
Pfi

Where, k is the mass transfer coefficient, Psi and Py are the partial vapor pressure of

species ‘i’ in feed and permeate side, respectively. The feed side vapor pressure at a
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particular temperature was obtained from the literature [222] and the permeate side vapor
pressure was considered close to be zero, since dry air was used as the sweep gas.

Table 3.1 shows the mass transfer coefficients of IPA at different temperatures and
at 112 mL/min feed flow rate. The mass transfer coefficients were observed to decrease
with increase in feed temperature for both membranes. The CNIM showed higher mass
transfer coefficients than the unmodified membrane at all feed temperatures. The CNTs are
known to provide rapid sorption/desorption properties, which contributed to high mass
transfer coefficients. The enhancement of mass transfer coefficient reached as high as
131% at 40°C. The overall mass transfer coefficient depended upon the partitioning of the
IPA on the CNIM surface as well as the diffusion through the membrane. While the former
decreased with temperature, the latter increased with temperature. In this case, the overall
coefficient was the highest at 40°C. This may be due to the decrease in sorption capacity
at higher temperatures, which led to a reduction in enhancement of separation factor at
higher temperatures.

Table 3.2 depicts that the mass transfer coefficients increased with increase in feed
flow rate and the values were significantly higher for CNIM with the enhancement reaching
up to 132% at 42 mL/min and 50°C for 10 vol% IPA. The overall mass transfer is controlled
by diffusion through the boundary layer. Higher flow rate led to higher turbulence which
in turn reduced the boundary layer and consequently the resistance to mass transfer [223].
It was observed that with increase in flow rate, the mass transfer coefficient increased
significantly for both membranes. Rapid mass transfer on the CNTs surface led to the
enhancement in the mass transfer coefficient in CNIM. However, the reduction in IPA

partition on CNIM surface due to the shorter residence time at high flow rates and the
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competition between IPA and water lead to a drop in the percent enhancement with increase

in flow rate.
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Table 3.1 Mass Transfer Coefficient of IPA and Enhancement % at Various Feed

Temperature at 15 Volume % Feed and 112 mL/min

Temperature (°C)  Mass Transfer Coefficient (m/s.mm-Hg) %Enhancement
Unmodified PTFE CNIM for CNIM

40 1.1E-08 2.55E-08 131.0

50 7.7E-09 1.76E-08 128.6

60 5.3E-09 1.17E-08 121.8

70 3.66E-09 7.94E-09 116.7

Table 3.2 Mass Transfer Coefficient of IPA and enhancement% at VVarious Feed Flow Rate

and 10 volume % IPA at 50 °C

Feed Flow rate Mass Transfer Coefficient(m/s.mm-Hg) %Enhancement

(mL/min) for CNIM
Unmodified PTFE CNIM

42 3.93E-09 9.11E-09 132.0

112 7.54E-09 1.41E-8 87.5

185 1.24E-08 1.89E-08 51.9

3.5 Membrane Stability

To investigate the stability of the membranes, SGMD was carried out for 60 days

(approximately 8 hr per day) with 15 volume % IPA concentration at 60°C. The IPA flux

was measured from time to time. No significant change in IPA flux as well as the

membrane wetting were observed even during prolonged use for both CNIM and the PTFE

membranes. It is believed that there was no appreciable loss of CNTs as none were detected

in feed solutions that were recycled. Similar stability tests in the past were also performed

where CNIM was used in hot aqueous solutions for days and then inspected for CNT loss

[206].
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3.6 Proposed Mechanism

The proposed mechanism for enhanced IPA transport in the presence of CNTs is shown in

Figure 3.6. Previous studies with CNTs have demonstrated that CNTs are excellent

sorbents that enhance partition coefficient of the solutes leading to higher flux in

membranes [136, 137, 224-228]. The significant enhancement in IPA flux with CNIM is

attributed to the preferential sorption and fast desorption to the permeate side via CNTs

serving as nanosorbents. The organophilic CNT surface is selective towards IPA due to its

organic nature. IPA also has a higher vapor pressure of 288.356 mm Hg at 60°C which is

almost double of that of water (149.038 mm Hg at the same temperature). In summary, the

higher vapor pressure of IPA, preferential sorption, and permeation of the IPA via CNTs

offer higher enhancement in flux and separation factor.
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3.7 Concluding Remarks

SGMD with CNIM provides a potential application for very efficient recovery and
recycling of organic solvents and in this case IPA. Operating variables such as feed
temperature, feed flow rate and feed concentration were found to have significant
influences on the efficiency of IPA removal with CNT membrane. The presence of CNTs
alter the IPA-membrane interaction which is evident from the contact angle measurements.
A higher feed temperature and feed flow rate promoted IPA removal efficiency and
permeate flux in the sweep gas MD mode. Feed temperature, concentration and flowrates
were important process parameters that can be used to optimize a balance between flux and
separation factor. The mass transfer coefficient of CNIM was found to be higher than that
of unmodified PTFE membrane. The CNIM showed stability over longer periods of
operation without any membrane wetting and solvent leakage. The CNIM membrane also
showed better thermal stability than unmodified PTFE membrane. Since only a small
amount of CNTs were used (~1mg/cm? membrane area) and the CNTs remained on the
surface of the membrane, it did not contribute to heat conduction across the membrane.
The gas permeation tests showed that the presence of CNTs did not affect the effective
surface porosity over the effective pore length. These results encourage the incorporation
of CNTs to provide an easy alternative of hydrophilic-hydrophobic SGMD membrane

modification with enhanced flux and separation factor.
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CHAPTER 4

MICROWAVE INDUCED MEMBRANE DISTILLATION FOR ETHANOL-
WATER SEPARATION ON CARBON NANOTUBE IMMOBILIZED
MEMBRANES

4.1 Introduction

The separation for liquid mixtures is commonly carried out by thermal distillation.
However, the process is energy intensive, shows poor separation for azeotropes and higher
operating temperature up to the boiling point may cause unfavorable side reactions.
Membrane distillation (MD) has been used to circumvent some of these limitations and is
being explored as an alternative for large scale techniques like multi-stage flash (MSF) and
multiple effect distillation (MED) which also tend to be very capital intensive [229]. MD
is driven by a vapor pressure gradient through a porous hydrophobic membrane where the
vapor selectively transports across the membranes [34, 50, 230]. The variation in vapor
pressure between the feed side and the permeate side occurs due to the difference in
temperature across the membrane [34, 52]. Relatively lower temperature operations often
below the boiling point make MD an attractive alternative for conventional distillation [40,
231-233]. Other advantages include a “greener” approach with reduced greenhouse gas
emissions and a process design with minimal space requirement [234, 235]. MD has been
employed in various applications including desalination and water purification,
concentration of feed streams, removal and recovery of low boiling components from its
aqueous mixtures [12, 46, 140, 142, 143, 206, 236-241], and the low temperature process
can be conducted utilizing industrial waste heat and renewable energy resources [242-245].

Anhydrous ethanol is extensively used in chemical manufacturing as a solvent, a
raw material in chemical production [246] and as fuels in gasoline-ethanol mixtures [247,
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248]. Besides conventional distillation, ethanol water mixtures have been separated by
azeotropic distillation [249, 250], adsorption on molecular sieves and pervaporation (PV)
[251, 252]. All these processes have been used in industry and have limitation such as high
operating and energy costs. MD has been used in the separation of organic molecules from
water [220, 253, 254] and also water ethanol mixtures[253, 255]. Air gap, vacuum and
sweep gas MD have been used for ethanol-water separation using conventional MD
(heating the feed side using a regular heater) and membranes made of Polypropylene (PP),
Polyvinylidene fluoride (PVDF) and Polytetrafluoroethylene (PTFE) [38, 57, 253-259].
The enhancement of MD performance in water ethanol separation is significant to make
this process commercially viable. Recently, the use of carbon nanotube immobilized
membrane (CNIM) for the separation of water-isopropyl alcohol mixtures has been
reported by our group, where the nanotubes served as sorbents that improved the partition
coefficient of the alcohol on the membrane and increased both flux and separation
factor[146]. Therefore, it is anticipated that the CNIM would also enhance water-ethanol
separation.

Microwave induced heating has been employed in various manufacturing methods
such as drying, synthesis of chemical compounds, and in homes for cooking [260-265].
When a dielectric material is placed in an alternating electric field, the dipoles attempt to
maintain alignment with the variable field and change direction at high frequency [266].
An alternating electric field through a microwave active material causes the energy to be
dispersed as the molecules try to arrange themselves with the varying alternating field. The
dielectric loss occurs as a result of the delay between the dipole alignment and the applied

electromagnetic field that leads to heat generation [267, 268]. Microwave processes are
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also associated with non-thermal effects such as localized super heating, reduction in
activation energy, breakdown of structures formed through hydrogen bonding in aqueous
medium, and the generation of nano bubbles [269-275]. The effects of microwave heating
has been stated to persist for several hours after the removal of the microwave field [276,
277]. While microwaves have been used extensively in conventional distillation [278, 279],
there are only a limited amount of studies on their application in membrane separation
processes. Microwave heating has been used in gas separation and vacuum-based
membrane distillation where the entire distillation units was placed in a microwave oven
[280]. Recently, the development of MIMD has been reported in the direct contact mode
for water desalination [281]. MIMD can potentially be used in many different separations
but it is sensitive to the interaction of the microwave with the solute.

The objective of this paper is to investigate the effects of microwave heating in
membrane distillation for the separation of ethanol-water mixture in sweep gas mode
(SGMD), where an enhancement in performance can be expected due to non-thermal
effects resulting in higher flux and separation factor for both membranes. Yet another
objective is to see if the microwave treated ethanol-water mixture interacts differently with

different types of membranes especially those immobilized with carbon nanotubes (CNTS).

4.2 Materials and Methods
4.2.1 Chemicals and Materials
Ethanol and acetone (Sigma Aldrich, St. Louis, MO), multiwalled CNTs (dia: ~30 nm,
lemgth: 15 pm, Cheap Tubes Inc., Brattleboro, VT), high purity deionized water (Barnstead

5023, Dubuque, lowa) was used in this experiment. The membrane employed for this MD
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experiment was a PTFE membrane on PP support (Advantec MFS, Inc.; Dublin, CA, 0.2

pum pore size, 74% porosity).

4.2.2 CNIM Fabrication

Homogeneous dispersion of CNTs in organic solvents and its distribution on PTFE
membrane surface uniformly are vital steps in CNIM preparation. The CNIM fabrication
technique was performed according to the procedure described elsewhere[146]. The wet

CNIM was dried overnight at room temperature.

4.2.3 Experimental Setup

Figure 4.1 shows the experimental setup for MIMD. Here, a microwave was used to heat
the feed mixture containing ethanol-water before entering the membrane module. An inert
gas at room temperature was used to sweep the permeated vapor. The effective membrane
surface area was 14.5 cm?. The heated ethanol-water mixture was recirculated using a
Peristaltic pump (Cole Parmer, model 77200-52) and collected in the same feed chamber
as the retentate. The temperature of the feed reservoir was controlled with a temperature
regulated water bath. A flowmeter (Cole Parmer EW-32460-42) was used to determine the
gas velocity on the permeate side of the membrane module. Microwave powers were
adjusted to maintain the temperature in the feed solution.

Laboratory air supplied was passed through the permeate side of the membrane
from the fume hood at room temperature (22°C). The sweep air was dried and purified
using a procedure described before[146]. In all experiments the air flow rate was
maintained at 4.5 L/min. The experiments were performed thrice, and the relative standard

deviation was observed to be below 1%.
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The reduction in feed volume was measured after 1h of the experiment and the
ethanol-water mixture composition before and after the experiment were evaluated using a
UV Spectrophotometer (UV-1800 UV-Vis Spectrophotometer, Shimadzu). At 190 nm
ethanol exhibited maximum absorbance (Amax). A calibration curve was plotted for ethanol
concentration vs absorbance at room temperature to measure the unknown concentration

of ethanol after each experiment.
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Figure 4.1 Experimental Setup

4.3 Results and Discussion

Ethanol-water separation was quantified based on flux and separation factor. The
performance of CNIM and a commercial PTFE membrane by conventional heating were
compared to the microwave heating. The ethanol vapor flux, Jw, across the membrane was

defined as
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W, (4.1)

Jw

~
X
oS

where, W, was the total mass of the permeate, t is the time and A is the effective membrane
surface area. Selectivity was quantified as separation factor which was a measure of

preferential transport of ethanol and was defined as

_ yethanol/ywater (4-2)

Xethanol /xwater

Hethanol-water

where yiand X are the weight fraction of the component ‘i' in permeate and feed,
respectively.

Various feed concentrations (5, 10, and 15 volume %) of ethanol were used in these
experiments. Feed concentration greater than 15% resulted in membrane wetting and
penetration of the feed solution through the membrane. The Figure 4a and b illustrates the
ethanol flux and separation factor at various ethanol concentration in the feed with CNIM
and PTFE membranes, respectively. It is evident from the figures that for both membranes,
the flux increased as the partial vapor pressure increases with increase in ethanol
concentration in the feed mixture. The flux as well as separation factors were significantly
higher when CNIM was used. This is in line with what has been published before [146].
The CNTs enhanced the partition coefficient of ethanol on the membrane due to its higher
affinity towards organic moiety and its influence was more evident when the ethanol
concentration was high for both conventional and microwave heating. However, both

membranes showed a decline in ethanol separation factor with increase in ethanol
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concentration. It can also be seen from Figures 4.2a and b that under the same experimental
conditions, MIMD consistently showed significant enhancements over conventional MD
in terms of both ethanol flux and separation factor. Ethanol flux in MIMD reached as high
as 8.6 and 11.3 L/m2.hr with PTFE membrane and CNIM, respectively, which were 86%
and 70% higher than conventional MD under the same conditions of 15 volume % of
ethanol in feed at 50°C. The separation factors in MIMD were also significantly higher
than conventional MD and enhancement via microwave heating reached 263% and 124%

for PTFE and CNIM, respectively.
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Figure 4.2 The influence of feed concentration on ethanol flux and separation factor with
(a) CNIM, and (b) PTFE membrane. The experiments were carried out at 50°C.
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Figure 4.3a and b show the influence of temperature on ethanol flux and separation
factor in conventional MD and MIMD with CNIM and PTFE membrane at a feed flow rate
of 112 mL/min and sweep gas flow rate of 4.5 L/min. The ethanol concentration in the feed
was kept constant at 10% (v/v). From the figure, the ethanol flux increased with increase
in feed temperature, because at a higher feed temperature the driving force for solvent
vapor transport increased due to higher vapor pressure difference across the membrane.
Improved ethanol flux was observed in MIMD compared to conventional MD for both
membranes. Based on Figures 4.3a and b, at 60 °C, the ethanol vapor fluxes reached 7.6
and 10.6 L/m?.h for PTFE and CNIM respectively, in MIMD, which were 108% and 92%
higher than conventional MD.

Mechanistically speaking, the selective adsorption of the ethanol on the CNTs
played a significant role in enhancing the performance dramatically. Consequently, the flux
and separation factor enhancements from microwave heating as compared to conventional
heating were higher for the PTFE membrane than CNIM. The enhancement in ethanol flux
did not show any trend with increase in temperature, however, an increment in separation
factor was observed for both membranes. In general, the flux enhancement in MIMD with
CNIM was anywhere between 70-92 % and separation factor enhancements were between
101-206 %. The corresponding enhancements for the PTFE membrane were 106-195% and
126-220 %.

Overall, while enhancements were a bit higher in the PTFE membranes, at all
temperatures CNIM displayed consistently improved ethanol vapor flux and better
selectivity. The effects were more apparent at reduced feed temperatures. Thus, the MIMD

technique using CNIM could possibly make the ethanol separation process more energy
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efficient by operating it at substantially lower temperature. The flux and separation factors
based on CNIM and MIMD were between 65% and 156% times higher than what has been
published before by either MD or PV [253, 255, 256, 282, 283]. Therefore, the MIMD

approach represents a major improvement in the state of the art.
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Figure 4.3 (a) The influence of feed temperature on ethanol flux and separation factor
with CNIM, and (b) with PTFE membrane. The experiments were carried out at a feed
concentration of 10% ethanol.
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4.3.1 Mass Transfer Coefficient

The mass transfer coefficient k was calculated from flux Ju as:

Jw=k(Pr—PB) (4.3)

where, Pr and Pp are the partial pressure in feed and permeate side. Usually, Py is
considered as zero since dry air was used as sweep gas. Table 4.1 shows the variation in
mass transfer coefficient in MIMD and conventional MD at different feed temperatures. It
can be seen from the table that the mass transfer coefficients decreased at higher
temperatures. This can be attributed to the fact that the effect of concentration and
temperature polarization increase at higher temperatures. Compared to conventional MD
at 40°C, the enhancements in mass transfer coefficient in MIMD for PTFE membrane and
CNIM were ~195% and 81%, respectively. These were due to certain non-thermal effects
that decreased the temperature/concentration polarization and boundary layer resistance

[267, 284].
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Table 4.1. Mass transfer coefficients with conventional and microwave heating for PTFE

and CNIM

Temperature  Mass Transfer Mass Transfer Enhancement (%6)
(°C) Coefficient Coefficient (MIMD)

(Conventional MD) (m/s mm Hg)

(m/s mm-Hg)

PTFE CNIM PTFE CNIM PTFE CNIM
40 9.49E-2 2.11E-1 2.58E-1 3.81E-1 171.86 80.85
50 8.75E-2 1.60E-1 2.02E-1 2.71E-1 130.85 69.42
60 7.81E-2 1.17E-1 1.61E-1 2.05E-1 106.14 74.54

4.3.2 Power Consumption in MIMD

Since MD is a thermally driven process, power requirement is an important factor. The

power required to heat the feed solution containing ethanol-water mixtures was measured

by using a power meter. Compared to conventional heating, where a heat exchanger or

temperature regulated bath is used to conduct the heat followed by convection to the bulk,

the microwave heating involves direct localized heating. The energy requirement to operate

the MD at different temperatures and 112 mL/min feed flow rate for 1 h is shown in Figure

4.4. The MIMD was observed to be more energy efficient than conventional MD. As

compared to conventional MD, the MIMD required 19-23% less energy, which can be

further improved by distributing the microwave irradiation uniformly. The difference in

energy requirement, although was reduced at higher temperatures. The combination of

direct energy saving along with better performance make MIMD approach quite attractive.
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Figure 4.4 Power Consumption with conventional and microwave heating.

4.4 Proposed Mechanism

During microwave heating, the dipoles from polar molecules continuously reorient
themselves within the microwave field. This not only leads to heat generation [285] but
also break down the hydrogen-bonded structures in an aqueous medium. The latter
increases molecular mobility and alters water-solute (ethanol) interactions [286].
Therefore, the MIMD was expected to behave differently than conventional MD.

Contact angle measurements were made to study the effect of microwave heating.
The contact angles of ethanol/water mixture (10% v/v) heated via conventional and
microwave heating on PTFE and CNIM are shown in Figure 4.5a, b, ¢ and d respectively.
Droplet size of 4 mm was used to measure the contact angles. Table 4.2 shows the contact
angle data with pure water, 10% and 20% ethanol in feed at room temperature and two

kinds of heating systems with the two membranes. It can be seen from the table that pure
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water at room temperature had the highest contact angle followed by 10% and 20% ethanol
mixtures for both PTFE and CNIM. The contact angle decreased with heating and
microwave heating showed the lowest contact angle for all concentrations. At lower (room)
temperature, there were stronger intermolecular forces between water molecules, thus the
molecules tended to hold together more strongly. As the temperature increased, the kinetic
energy of molecules is increased thus reducing the surface tension. These factors led to a
decrease in contact angle. Ethanol contains hydroxyl groups, which forms hydrogen
bonded clusters with water molecules and under microwave heating these dipole rotations
leads to the breakdown of these clusters which led to further reduction of contact angle.
The organic species including alcohols exhibited high sorption phenomena on CNT
surface, which could be responsible for altering the contact angle of the membrane surface
in presence of CNTs [211, 219]. Therefore, the contact angles of the mixtures were
observed to be lower for CNIM than for the original PTFE membrane. The contact angles
decreased with temperature and ethanol concentration and decreased further when the
heating was carried out by microwave. In general, the contact angles were lowest for the

CNIM with microwave heating.
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Figure 4.5 Contact angle of (a) PTFE with conventional heating, (b) PTFE with
microwave heating, (c) CNIM with conventional heating, and (d) CNIM with microwave
heating. (10% ethanol in feed).

Table 4.2. Contact Angles in Degrees with PTFE Membrane and CNIM (°)

Solvent Room Temperature Conventional Heating ~ Microwave Heating
PTFE CNIM  PTFE CNIM PTFE CNIM

Pure Water 130 120 108 98 105 89

10 % ethanol 110 101 101 87 88 80

20% ethanol 80 72 61 58 53 50

Figure 4.6 represents the FTIR spectra of ethanol-water mixture under various
conditions. The alteration in interactions between water—water and ethanol—water clusters
under various heating environments lead to variation in IR absorption of ethanol-water
molecules. The hydrogen bonding was seen to be much weaker for microwave irradiated
mixture as evident from the bending frequency at around 1654 cm™. The peak at ~3450

cm* was attributed to the primary stretching band for ethanol-water molecules. The peak
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broadening signified the slightly different extent of the H-bonding in ethanol-water
clusters. This indicates stretching of the O-H bonds which was stronger for conventional
heating as microwave heating weakened the hydrogen bonding in ethanol-water mixture.

The peaks at 1045 cm™ and 2970 cm™ were from C-O and C-H stretching, respectively.
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Figure 4.6 FTIR spectra of ethanol-water solution (50% v/v).

The proposed mechanism is shown in Figure 4.7. During conventional heating, the
entire volume of the feed stream is uniformly heated. On the contrary, microwave heating
involves direct heating of the feed mixtures resulting in localized superheating [269, 272].
The dielectric loss of ethanol is known to increase with temperature whereas for water it
decreases with temperature, therefore the microwave dissipation can be more significant
in hot areas and can lead to local turbulence and spatial temperature gradients [287, 288].

The localized super heating and breaking of hydrogen bonded ethanol-water clusters are
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bound to enhance the tendency of ethanol molecules to escape from the feed mixture

resulting in improved flux and better separation efficiency.
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Figure 4.7 Schematic of the proposed mechanism of microwave heating.
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4.5 Conclusions
This process involved successful implementation of microwave irradiation to heat the
ethanol- water mixture in SGMD using PTFE membrane and CNIM. Experiments were
conducted at three different feed stream temperatures (40, 50 and 60 °C), and three feed
compositions (5, 10 and 15 vol% ethanol in water). The contact angles on of ethanol-water
mixtures after microwave heating dropped by 12.8% — 13.1 % for PTFE membrane and
8.1%-13.09% for CNIM as compared to conventional heating. As compared to
conventional SGMD, the increase in ethanol flux, separation factor and mass transfer
coefficient during MIMD were 69%, 155% and 70%, respectively, with CNIM at 50 °C
and 10 (v/v%) ethanol in feed. The flux and separation factors based on CNIM and MIMD
were between 65% and 156% higher than what has been published before by either MD or
pervaporation. Therefore, the combination of CNIM and MIMD represents a major
improvement in the state of the art. Factors such as localized super heating and the
breakdown of ethanol—water clusters led to the performance enhancement in MIMD. The
MIMD was also observed to be less energy intensive compared to the conventional MD

process.
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CHAPTER 5

LOW TEMPERATURE RECOVERY OF ACETONE-BUTANOL-ETHANOL
(ABE) FERMENTATION PRODUCTS VIA MICROWAVE INDUCED
MEMBRANE DISTILATION ON CARBON NANOTUBE IMMOBILIZED
MEMBRANES

5.1 Introduction
The cost-efficient production of biofuels from biomass has the potential to address global
problems such as energy security and climate change. An important process in the biofuel
industry is the generation of acetone-butanol-ethanol (ABE) mixture as fermentation
products which has garnered huge attention in recent times [289]. There is significant
interest in the efficient ethanol recovery from fermentation broths for clean fuel and
chemical feed stock production [290, 291]; acetone and butanol are important solvents that
also have many other industrial applications[292, 293]. As a biofuel, butanol has high
energy content, is compatible with prevailing gasoline supply channels and has low vapor
pressure [294]. In a typical ABE fermentation system, the produced acetone, butanol and
ethanol maintain a fixed ratio of 3:6:1. Maximum amount of total solvents usually varies
between 16-20 g/L with concentration of butanol at 10-12 g/L being a limiting factor due
to end production inhibition resulting from its toxicity. This leads to high energy cost for
ABE recovery from the low concentration fermentation broth via thermal distillation [295].
Currently an equivalent of 50% of the heat of combustion of butanol is used up in the ABE
distillation process itself, therefore the development of cost-effective separation
technologies that can perform a substantial role in increasing productivity and improve the

economics of ABE production is of great importance [295-297].
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Alternate ABE separation approaches such as adsorption [298], gas stripping [299],
liquid—liquid extraction[300], perstraction [301], pervaporation [302], membrane
distillation[303] and reverse osmosis[304] have been explored. Membrane distillation
(MD) is a thermally driven process where separation of two phases (a hot feed side phase
and a colder receiving phase) occurs through a hydrophobic microporous membrane. The
difference in temperature between the feed and permeate side of the membrane creates the
vapor pressure gradient, triggering the transport of the vapor across the membrane. Some
of the major advantages of MD are comparatively low energy requirement, capital cost and
operation temperatures compared to distillation [305], and significantly higher flux than
pervaporation . While modelling studies showed that MD has much potential in ABE
separation[306, 307], to the best of our knowledge, only limited experimental studies have
been published in this field [303, 308].

A range of separation applications such as pervaporation, extraction, protein
separation, breaking oil-water emulsion, nanofiltration and membrane distillation have
been carried out on carbon nanotubes based membranes [141, 146, 203, 206, 252, 309-
311]. We have demonstrated that on immobilizing CNTs on the membrane surface, the
physicochemical interaction between the solutes and the membrane can be significantly
altered [142, 143, 206]. A rapid progress in MD has been achieved with the incorporation
of carbon nanotube immobilized membrane (CNIM) for desalination where the CNTs
enhance the preferential passage of the water vapor molecules while repelling the liquid
salt-water feed mixture resulting in a remarkable increase in pure water flux. Super-
hydrophobic CNT loaded PVDF membrane synthesized by one-step electrospinning

technique has shown improved desalination performance[312]. CNIM has been
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successfully implemented in membrane distillation using sweep gas to carry out the
permeated species (SGMD) for enhanced organic solvent recovery [142]. Another study
investigated the performance of vertically aligned (VA) and open-ended CNT arrays filled
polydimethylsiloxane (PDMS) composite membrane for pervaporative recovery of butanol
from ABE fermentation broth[313].

Microwave induced heating has been employed in several methods including
drying, chemical synthesis and in-home kitchens. Microwave processes are associated with
nonthermal effects such as localized super heating, activation energy reduction, breakdown
of hydrogen bonded structures in aqueous medium, and the generation of nano-
bubbles[274, 276]. Recently, a MD process induced by a microwave has been reported by
our group for desalination where microwave heating led to the breakdown of hydrogen
bonded salt water clusters leading to high flux[314]. Comparison of MD by conventional
and microwave heating has been published before with ethanol-water system. Microwave
induced membrane distillation has shown significant advantages including higher flux,
selectivity and lower energy consumption[315]. Since ABE consists of polar molecules, it
is anticipated that they will absorb microwave energy and their interactions will lead to the
breakdown of water-organic clusters to enhance the removal of ABE[316, 317]. The aim
of this project was to incorporate CNIM along with microwave heating to enhance ABE

separation via SGMD.

5.2 Materials and Methods
5.2.1 Chemicals and Materials
The solvents (acetone (AR > 99.5%), butanol (anhydrous, 99.8%) and ethanol (anhydrous,

> 99.5%)) used in this experiment were procured from Sigma Aldrich (St. Louis, MO).
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Cheap Tubes Inc. (Brattleboro, VT) has supplied the MWCNTSs (~30 nm dia, 15 pm long).
Octadecyl amide (-CO-NH-CygH37) functionalization (CNT-ODA) was performed in our
laboratory following a method published before [318]. In all experiments, deionized water

(Barnstead 5023, Dubuque, lowa) has been used.

5.2.2 CNIM Fabrication and Characterization

Proper dispersion of CNTs and CNT-ODA in organic solvent and the fabrication of
uniformly distributed CNTs throughout the membrane surface was the main concern. A
commercial PTFE membrane (Advantec, 0.2 um pore size, 74% porosity, polypropylene
supported) was used as base membrane and the CNIMs were prepared on it. The CNTs as
well as CNT-ODA dispersion were carried out using a procedure described in our previous
paper [146]. Our previous studies have indicated that functionalization of CNTs enhanced
its dispersibility in the solvent phase, which eventually helped in film-formation [318].
Scanning electron microscopy (SEM) (JEOL; model JSM-7900F) was utilized to
characterize the CNIM and CNIM-ODA. The hydrophobic nature of the membranes used
was measured via contact angle and liquid entry pressure (LEP) measurements with DI
water and ABE mixture. Drops of a fixed ABE concentration were placed on the membrane
with the help of a micro syringe (Hamilton, 0—100 uL). The contact angles of the drops on
the membrane surface were measured using a digital video camera placed at the top of a

stage.

5.2.3 Experimental Setup
Figure 5.1 illustrates the experimental setup. The MIMD in sweep gas mode was used in
all experiments where dried air at room temperature was passed through the permeate side

of the membrane module that assisted in removal of the permeated vapor. A module made
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of polytetrafluoroethylene (PTFE) was used in the SGMD test cell. Details have been
described elsewhere [146]. The inner diameter of the module was 4.3 cm with an
operational contact area of 12.5 cm?. The ABE-water feed mixture was pumped (Cole
Parmer, model 77200-52) through the SGMD module and was recirculated. The ABE-
water feed temperature was controlled using a microwave oven and the power level of the
microwave was adjusted as needed to get the desired temperature. The feed reservoir
temperature was maintained by regulating the temperature of a constant temperature bath.
A flowmeter (model no EW-03217-02, Cole Parmer) was used to monitor the sweep gas
flow rate. Two thermistor thermocouples (K-type, Cole Parmer) were placed on the stream
inlet and outlet to measure the temperature of the feed solution entering and exiting the

membrane module.

5.2.4 Experimental Procedure
To remove impurities in the dry sweep air such as dust or moisture, laboratory air from the
fume hood was circulated through a drying unit (W. A. Hammond Drierite, Xenia, OH)
and hollow Fiber Filter (Barnstead International, Beverly, MA) prior to flow into the
permeate side. The drying unit helps to lower the relative humidity close to zero. In all
experiments, the sweep airflow rate on the permeate side was maintained 4.5L/min.
Experiments were performed thrice to estimate precision. The experimental data show
lower than 1% relative standard deviation.

The liquid entry pressure (LEP) is the minimum pressure at which liquid penetrates
the membrane pores. In MD, LEP measurement is important as a liquid—vapor interface
develops at the membrane pore entrance and the permeated species vaporizes through it.

The LEP was measured using a method described before[146]. A stainless-steel chamber
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(Alloy Products Corp, 185 Psi Mawp) was filled with the ABE-water feed solution (1.5, 3,
0.5 vol% ABE, respectively). The membrane held in a test cell was connected to the liquid
chamber. A gas cylinder was used to increase the pressure above the liquid, which was
increased till the liquid started to enter through the membrane pores.

A graduated measuring cylinder was used to measure the volume of the feed
solution before and after experiments. After each experiment, the recycled feed mixture
was cooled down to room temperature and the final volume was measured. An airtight feed
solution chamber was used to confirm that sample was not lost due to evaporation of
volatile components. The flux and separation factor were calculated by analyzing the initial
and final feed mixture compositions using a Gas Chromatography (HP-5890) equipped
with an FID detector. The gas chromatograph was operating with injection port temperature
of 200°C, column temperature of 150°C and detector temperature of 250 °C. Analyses
were carried out on an EzChrom Elite Chromatography data system used for GC control,

data acquisition and processing.
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Figure 5.1 Schematic diagram of the experimental setup for the SGMD.

5.3 Results and Discussion

5.3.1 Membrane Characterization
The SEM images of the PTFE, CNIM, and CNIM-ODA are shown in Figure 5.2a, b and c.
The porous structure of the pristine PTFE membrane and presence of CNT and CNT-ODA
on the CNIM and CNIM-ODA surfaces are clearly visible. Uniform distribution of CNTs
over the entire membrane surface was also observed. In our previous studies, gas
permeation test showed no significant change in effective porosity over pore length of the
membrane as very small amount of CNTs had been used to fabricate the membrane[206].

Thermogravimetric analysis (TGA) (10 0C/ min heating rate in air) was used to

analyze the stability of the PTFE membrane, CNIM and CNIM-ODA at higher
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temperature. The TGA and differential TGA curves are shown in Figure 3a and b,
respectively. It is observed that the initial thermal decomposition of the membrane began
at ~260 0C (degradation of PP support layer), followed by the degradation of PTFE active

layer at 500 °C. From the figure, it is evident that CNIM and CNIM-ODA were thermally

stable within the operating temperature ranges.

Figure 5.2 SEM images of a) unmodified PTFE membrane, b) CNIM, ¢) CNIM-ODA.
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Figure 5.3 a) Thermogravimetric analysis of unmodified PTFE. CNIM and CNIM-
ODA, b) differential TGA curves of the corresponding membranes.

The contact angle measurements provide a measure of wettability of the membrane

surface. The contact angle depends upon the intermolecular interactions between the
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membrane surface and the liquid placed on it. Table 5.1 demonstrates the contact angle
values for pure water and ABE mixtures on different membrane surfaces. As can be seen
from the table, the contact angles for pure water were much higher on CNIM and CNIM-
ODA due to their higher hydrophobicity which were like what has been reported previously
[140, 143, 146]. The contact angles on the PTFE, CNIM and CNIM-ODA membranes at
0.6, 1.2 and 0.2 vol % of ABE and 97.8 % water are shown in Figure 5.4a, b and c. The
presence of CNTs dramatically altered the contact angle for CNIM. The presence of
organic molecules in aqueous solution reduced the contact angle for all membranes.
However, since the alcohols and other organic solvents possess an affinity for CNTs, the
contact angles of the ABE mixtures decreased significantly in CNIM and CNIM-ODA
(Table 1). The contact angles for ABE mixture decreased in the following order: PTFE>
CNIM-ODA> CNIM. For instance, the droplet of ABE-water mixture on CNIM indicated
a contact angle of 84° vs a contact angle of 103 ° for PTFE and 108° indicating strong
interactions with the CNTs and relatively less with CNT-ODA. The increasing ABE
affinity to CNIM and CNIM-ODA over PTFE are potential means to increase the removal

efficiency and reduce concentration polarization[319].
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Figure 5.4 Picture of ABE- water solution (0.6, 1.2 and 0.2 vol % respectively) droplet
on a) CNIM-ODA, b) PTFE, c) CNIM.

Table 5.1 Contact Angles of pure water & ABE mixture

Solvent Contact angle (°)

PTFE CNIM CNIM-ODA
Pure water 105 109 116
ABE mixture 103 84 110

The LEP of pure water for PTFE, CNIM and CNIM-ODA were found to be similar,
~455.1 kPa, for all membranes, which further decreased to 220.7, 144.8 and 179.3 kPa,
respectively for ABE mixture (1.5, 3 and 0.5 vol% of ABE in water). The high LEP values
indicate the low wettability of the membranes as also evident from the contact angle
measurement described above.

Figures 5.5a, b and ¢ show the AFM images of pristine PTFE membrane, CNIM
and CNIM-ODA, respectively. The average surface roughness (Ra) values were measured
over an area of 10pum % 10 um of the corresponding membrane samples and was found to

be 127 nm, 142 nm and 138 nm, respectively. It is clear from the figure that the
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incorporation of small amount of CNTs change the surface topography significantly and

alters the characteristics of the fabricated membrane surface.
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Figure 5.5 AFM images featuring the topography of the a) unmodified membrane
surface (PTFE), b) CNIM and c) CNIM-ODA.

5.3.2 MD separation performance
The separation performances of various membranes were characterized with respect to

ABE permeation rate and selectivity. The fabricated membranes’ performance was
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compared with the pristine membrane. The individual flux of ‘i' component (Jwi), was

described as:

Wpi (5-1)

Where, Wpi was the amount of permeated mass of species ‘i’ within a period ‘t’
through a membrane of area ‘A’. The measure of separation efficiency was denoted by

separation factor (Bi;j), and is calculated from the following relation:

YABE /y (5.2)

water

,BABE—water - xABE/x
water

where y; and Xi represent the permeate and feed side weight fraction of i’
component.
Apparent activation energy (Eapp) of solvent transport in the membrane processes

can be expressed as [320]

@) (5.3)

J=Joexp <_ RT,

Where J and Jo are fluxes (mol m™2 h™?), R is gas constant (J mol™* K™), Trdenotes

feed temperature (K).
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The Figures 5.6a, b and c display the effect of feed concentration on acetone,
butanol and ethanol flux and separation factor. The ratio of ABE in the aqueous feed
mixtures was kept constant at 3:6:1 (vol %). Three different feed concentrations namely
0.6, 1.2, and 1.5 (vol %) of acetone were tested and the butanol and ethanol in the feed
solutions were adjusted accordingly. The feed temperature and feed flow rate were
maintained at 40°C and 112 mL/min, respectively. It can be observed from the figures that
with increase in acetone, butanol and ethanol concentration in feed, the ABE flux increased
for all membranes. The CNIM and CNIM-ODA showed improved flux compared to the
PTFE membrane, which was due to the enhanced solvent affinity with the nanotubes. Total
solvent flux was in the order of CNIM> CNIM-ODA> PTFE. The highest total solvent flux
for CNIM may be attributed to the higher solvent sorption capacity, as also supported by
the contact angle values. The presence of bulky ODA groups on CNT-ODA may have
limited the direct sorption and fast transport of the organic compounds on the CNT
framework.

The solvent flux reached as high as 0.82, 1.36 and 0.19 L/m?.h for acetone, butanol,
and ethanol, respectively, at 40 °C and 1.5, 3 and 0.5 vol % of ABE in the feed. The CNTs
influenced the acetone, butanol and ethanol partition coefficient, and its effects were more
pronounced at higher concentrations. The enhancement in acetone flux reached as high as
130.3 % for CNIM and 60.6 % for CNIM-ODA over PTFE membrane at 1.2 volume % of
acetone. Enhancement in butanol and ethanol flux followed similar pattern with
enhancement reaching up to 127% and 375% respectively for CNIM. Figures 5.6 d, e, and
f show plots of separation factor of ABE with respect to feed concentration. As can be seen

from the plots, the separation factor was inversely proportional to the concentration for all
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the membranes. However, a higher separation factor for CNIM than CNIM-ODA and

PTFE membrane was observed at all feed concentrations tested here. Enhancement over

PTFE membrane for acetone reached as high as 79.92% for CNIM and 41.5% for CNIM-

ODA. Similar trends were observed for ethanol and butanol separation factor.
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Figure 5.6 Effect of feed concentration on flux for a) acetone, b) butanol.
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The acetone, butanol and ethanol flux and separation factor on the CNIM, CNIM-
ODA and the PTFE membrane as a function of feed temperatures are demonstrated in
Figures 5.7 a, b, ¢, d, e and f. A feed concentration of 1.5, 3 and 0.5 vol % of acetone,

butanol, and ethanol, respectively, was maintained and the feed flow rate was kept constant
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at 112 mL/min. The permeate fluxes for all membranes showed a direct relationship with
feed temperature. At 60 °C, the CNIM flux reached up to 1.15 L/m?.h, 1.54 L/m2.h and
0.58 L/m2.h for acetone, butanol and ethanol, respectively, which were considerably
(around ten times) higher than previously reported data for pervaporation[321, 322]. In
general, higher fluxes at all temperatures for CNIM were observed followed by CNIM-
ODA, although the enhancement was distinct at reduced temperature. At 40°C the
improvement in acetone, butanol and ethanol flux reached to 105, 100 and 375%,
respectively, in comparison with pristine PTFE membrane. Hence, it is possible to perform
the experiments at a relatively lower temperature thereby making it a less energy intensive
process. It is well known that the vapor pressure increases exponentially with temperature
and the sharp increase in vapor pressure from 40 to 60°C was reflected in the corresponding
increase in ABE flux. From Figures 5.7 d, e, and f, it can be observed that at all the
operating temperatures; CNIM’s separation performance was significantly better compared
to the commercial PTFE membrane. The separation factor enhancement of CNIM
compared to PTFE membrane reached to 103, 129 and 324% at 50°C for ABE. As a result
of negative effects of viscosity, a decline in ABE separation factor was observed with
increase in operating temperatures for all membranes [220]. The water flux is presented in
Figure 5.7g which showed an increase with feed temperature due to higher vapor pressure

at elevated temperatures.
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Apparent activation energy (Eapp) for organic solvent transport through porous
membranes in SGMD mode was calculated from Eqg. (5.4). The concentration of the
acetone, butanol and ethanol mixture was kept constant (1.5, 3, 0.5 vol %, respectively).

The Eqpp values for PTFE, CNIM & CNIM-ODA are shown in Table 5.2.

Table 5.2 Apparent Activation Energy (Eapp) Values forAacetone (1.5 vol%), Butanol (3
vol%), Ethanol (0.5 vol%) and Water (95 vol %) in Feed

Membranes Apparent activation energy (kJ/mol)
Acetone Butanol Ethanol Water
PTFE 16.9 17.5 57.4 37.6
CNIM 11.2 5.4 48.5 59.5
CNIM-ODA 8.5 4.8 43.6 50.9

It is clear from the table that the presence of CNTSs significantly reduced the
apparent activation energy for all ABE components. Among three solvents, butanol
exhibited the lowest Eapp value followed by acetone and ethanol with all membranes.

However, the activation energy of water was much higher which may be due to the
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exponential increment of water vapor pressure at elevated temperatures in case of modified
membranes. This also results in reduction of separation factor with increase in feed
temperature.

It was important to investigate if separation of each ABE component was affected
by the presence of the other solvents. Therefore, binary mixture of each compound with
water was also studied using PTFE and CNIM. The data related to the binary mixtures is
presented in Figures 5.8a, b and ¢, where the flux of each component and separation factor
are presented as a function of solvent concentration. The feed flow rate and the operating
temperature was maintained at 112 mL/min and 40 °C, respectively. It is clear from the
figure that with increase in feed concentration, the flux increased for each compound in
both membranes. Butanol which had limited miscibility with water showed higher flux
than ethanol that was significantly more miscible. As expected, higher flux was obtained
for all solvents when CNIM was used. It was observed that the individual solvent flux in
the binary mixtures were higher compared to the ABE mixture under similar condition. For
example, the acetone flux was obtained to be 1.36 L/m2.hr for CNIM at 40 °C and 1.5 vol
% of acetone in water, which was 65.8% higher than the corresponding ABE mixture.
Similar trend was also observed for butanol and ethanol mixture. The flux decline in the
case of a mixture may be attributed to the mutual interaction and competition between the

different compounds that reduced partitioning as well as permeability[323].
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5.3.3 Mass Transfer Coefficient

The mass transfer coefficient (k) can be calculated from the following equation:

Ji (5.4)
(Pf - Pp)

k=

Where, Jui is the flux of species ‘i’ and the feed side and permeate side partial vapor
pressure is denoted as Psi and Ppi, respectively. The vapor pressure of the different feed
components at a particular temperature was attained from other sources [222] and the Py,
was considered to be almost zero as the sweep air was dried completely prior to entering

the permeate side of the membrane.
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The ‘ki’ values of different components in ABE mixture at varied operating
temperatures and a constant feed flowrate of 112 mL/min are presented in Table 5.3. The
mass transfer coefficients decreased or remained almost constant with increase in operating
temperature for CNIM, CNIM-ODA and PTFE membranes. At all feed temperatures, the
CNIM exhibited higher ‘ki’ than the pristine PTFE membrane and CNIM-ODA. The
enhancement of mass transfer coefficient over PTFE reached as high as 105% for CNIM
and 62.5% for CNIM-ODA for acetone, 100 % and 61.8% for butanol and 375% & 175%
for ethanol at 40 °C. For Butanol, the mass transfer coefficient follows an inverse
relationship with temperature for all membranes. Also it is known that at higher
temperatures the temperature polarization increases significantly, resulting in a lower
membrane mass transfer coefficient [324].

Table 5.3 Mass Transfer Coefficient of ABE at Different Temperature and 1.5, 3 & 0.5
Vol % ABE Feed at 112 mL/min

Temp Mass transfer coefficient (x 10-3 L/m2.h.mm-Hg)

(°C) PTFE CNIM CNIM-ODA
Acetone Butanol Ethanol Acetone Butanol Ethanol Acetone Butanol Ethanol

40 0.95 35.9 0.30 1.94 71.9 1.42 1.54 58.1 0.82

50 0.97 20.2 0.41 1.57 42.7 1.77 1.18 33.5 0.95

60 0.68 13.4 0.43 1.23 25.4 1.65 0.73 20.3 0.86
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5.3.4 Membrane Stability

To explore the stability of the membranes in presence of these strong organic solvents,
SGMD experiments were performed for 8 h a day for 60 days with 1.5, 3 and 0.5 vol % of
ABE concentration, respectively. The temperature was maintained at 60°C. The ABE flux
was measured periodically. No substantial alteration in flux and membrane wetting were
detected even during extended use for all membranes. It can be assumed that there was no
significant CNTs loss from the membrane surface as it was not detected in the recycled
feed solutions. Comparable stability checks in the past had been implemented where CNIM
was used in high temperature aqueous solutions for extended periods and then examined

for CNT loss [206].
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5.4 Proposed Mechanism
Figure 5.9b demonstrates the enhanced ABE transport mechanism with CNIM. Earlier
research published with CNTs have validated that CNTs are exceptional sorbents that
increase solute partition coefficient generating higher permeation rate through the
membranes [211, 225, 226, 325]. The CNTSs are also known to facilitate fast mass transport
in both separation processes including chromatography, sorbents, and membranes [210,
326, 327]. The higher vapor pressure of acetone, butanol and ethanol compared to water
helped in selective sorption and penetration of ABE mixture through the porous membrane
at low temperature. Apart from vapor-liquid equilibrium, the separation performance of
CNTs incorporated membranes is due to improved sorption and activated diffusion of
organic species on the frictionless CNTs. In addition it is worth noting that during
conventional heating, the entire volume of the feed stream is uniformly heated whereas
microwave heating results in localized superheating of the feed mixtures[272]. The
dielectric loss of organic molecules is believed to increase with temperature whereas for
water it decreases with temperature. This results in microwave dissipation being more
significant in areas that are more heated and can lead to local turbulence and spatial
temperature gradients[288]. A schematic of breakdown of the H-bonded solvent-water
clusters is shown in Figure 5.9a. The localized super heating and breakdown of hydrogen
bonded ABE—water clusters are likely to improve the tendency of solvent molecules to
escape from the system, thus improving flux and separation efficiency. The significant
enhancement in ABE flux and separation factors in CNIM and CNIM-ODA are attributed

to these multiple factors.
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5.5 Concluding Remarks

ABE separation is an important process in the economic development of biofuels with a

goal of building a sustainable world economy. Several downstream processing techniques
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have been employed to recover ABE from its fermentation broth, however all these
techniques suffer from various limitations. MIMD was investigated using CNT modified
membranes, which showed significantly superior performance. Convectional thermal
distillation is an expensive and energy intensive process and the MIMD based on CNIM is
clearly a viable alternative. The separation of binary acetone-water, butanol-water and
ethanol-water by the membranes were carried out initially to evaluate the membrane
performance, which was found to follow the order of butanol>acetone> ethanol. The
modified membranes were shown to be preferentially permeable to the ABE components.
Improved partitioning and activated diffusion via CNT surface were factors that played
important role in performance enhancement of the CNIM and CNIM-ODA. While
modeling studies have shown some interesting results, this study for the first time
demonstrates the viability of this technology in ABE recovery. As compared to the plain
PTFE membrane, significant enhancement in ABE flux and separation factor were
obtained with CNIM and CNIM-ODA membranes. The ABE flux obtained here is about
ten times higher than that reported before for pervaporation, which is the only other
reported membrane-based technology for ABE recovery. Fermentation product recovery
from the fermentation broth can be an important application for the modified CNT

membranes.
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CHAPTER 6

NANOCARBON-IMMOBILIZED MEMBRANES FOR SEPARATION OF
TETRAHYDROFURAN FROM WATER VIA MEMBRANE DISTILLATION

6.1 Introduction

Energy requirements and carbon foot print of current solvent recycling processes tend to
be quite high, and the incineration of the solvents for waste disposal produces toxic air
emissions [328]. The commercial technique for solvent separation is thermal distillation
and accounts for over 90% of the commercial operations [329]. However, the process is
expensive, has large foot print and is energy intensive [330]. Conventional distillation is
also limited by azeotrope formation. Processes such as solvent extraction, carbon
adsorption or air stripping have also been used for solvent recovery from aqueous wastes,
however restriction of the feed condition, byproduct generation, and high cost of post-
treatment limit their economic feasibility [331, 332]. Over the last few decades, membrane-
based processes, such as, reverse osmosis (RO), nanofiltration (NF), pervaporation (PV)
have undergone rapid growth. Although, organic solvent nanofiltration (OSN) has much
potential in terms of costand applicability to industrial processes [333, 334], the
availability of suitable NF OSN and RO membranes have restricted their applicability
[335]. In recent years, PV using dense membranes have shown tremendous potential as a
solvent separation method however it shows low permeate flux [220]. Therefore, novel
technologies are needed for solvent recovery that can benefit diverse industries such as in
pharmaceutical, cosmetics and paint.

Membrane Distillation (MD) is a relatively new and promising separation

technology for organic solvent removal from aqueous medium. The process selectively
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passes vapor molecules through a porous hydrophobic membrane. The driving force for
separation is the difference in vapor pressure among the solvents at a particular temperature
and a concentration gradient between the feed and permeate side [233]. MD has numerous
benefits over traditional distillation such as low operating temperatures and capital
investment, and it can be combined with other membrane processes such as Ultrafiltration
(UF) [336], PV and RO [337]. Furthermore, the heat required in MD can be obtained from
alternate energy sources, such as solar energy[338, 339] or microwave energy [281, 340]
to make it more energy efficient. While MD has been extensively studied for water
desalination, very few studies have reported the applications related to solvent recovery
and have been limited to ethanol and isopropyl alcohol (IPA) [146, 220, 255-257].

At this point high performance membranes and advanced process development are
needed to make MD commercially viable. Several membrane modifications have been
implemented via graft polymerization, hydrophobic/hydrophilic coating of membrane
surfaces, casting of polymer over a porous membrane support or a flat sheet to enhance
hydrophobicity [68, 69, 196-198] , addition of zeolite and clay nanocomposite nanofiber
to the surface of membranes [341, 342], silane grafting [343] and hydrophobic porous
alumina [344] for performance enhancement in MD. We have demonstrated the effect of
carbon nanotube (CNT) immobilization for enhancing permeability and selectivity [345]
in MD where the CNTs not only serve as a sorbent but also provide an additional pathway
for solute transport. IPA separation from their aqueous medium has also been explored
through CNTs’ immobilization on porous PTFE membranes for a sweep gas MD process.
Superior performance was achieved with an enhancement in separation factor of 350% and

an enhancement in mass transfer coefficient of 132%, credited to the enhanced adsorption

112



and rapid desorption by CNTs [146]. Additionally modelling studies show that MD has the
potential to separate solvent mixtures for use as biofuels [306]. Graphene oxide (GO) and
reduced GO (r-GO) are other important nanocarbon where the atomic-level thickness with
controlled pore size makes them viable options for membrane modifiers for various
applications [161, 346-351]. Recently, GO-based membranes have been validated to be
operational barriers for gas and liquid separation [155]. A recent study showed that
imperfections within GO flakes produced by the oxidation reaction and the inter-layer
spacing between GO flakes play a dominant role in transportation of molecules through
the GO membrane [352]. The comparatively higher hydrophobicity of r-GO compared to
GO makes it a favorable material for performance enhancement of hydrophobic
membranes in MD. Additionally, the narrow size distribution of rGO nanochannels lead to
precise molecular sieving than those of commonly used polymeric membranes [353].
THF is an important solvent that is widely used in organic synthesis [354, 355] and
also in the manufacture of poly-tetra-methylene glycol (PTMEG). Besides preventing
water pollution, its separation from an aqueous medium is industrially significant as it’s an
expensive solvent [356, 357]. THF-water mixture forms a minimum boiling azeotrope with
water at 95 wt. % water and reacts spontaneously with oxygen during contact with air and
leads to the production of an unstable hydro peroxide. An increase in peroxide
concentration occurs during distillation of the THF containing peroxide, resulting in a
severe explosion risk [358]. PV has been used for the dehydration of THF using hydrophilic
membranes [359-363]. However, the more efficient recovery of trace amount of THF from
water using an organophilic membrane [364, 365] is of significant interest, and to the best

of our knowledge has not been studied before. It is conceivable that CNTs, GO and r-GO
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can be used to enhance the separation of THF from water via MD. That is the objective of

this study.

6.2 Materials and Methods
6.2.1 Chemicals and Materials
THF (Sigma Aldrich, St. Louis, MO), Deionized water (Barnstead 5023, Dubuque, lowa),
MWCNTSs (Cheap Tubes Inc., Brattleboro, VT), Zinc (Fluka) were used in all experiments.
The average diameter and length of the CNTs were ~30 nm and 15 pum, respectively.
Graphene oxide was procured from Graphenea Inc. Reduction of GO to r-GO was
performed following a method published elsewhere [366]. rGO used in this study contained

9% oxygen by weight [367].

6.2.2 CNIM Fabrication and Characterization

Uniform dispersion of CNTs, GO and r-GO on the membrane surface was the primary
stage in membrane fabrication. A porous composite PTFE membrane on a PP support layer
(Advantec, 0.2 um pore size, 74% porosity) was used in this study. The nanomaterial
dispersion was performed in accordance to a method stated elsewhere[146]. Very small
amount of nanomaterials (1.5 mg) were dispersed in a solution containing 10 g of acetone
along with 0.2 mg of polyvinylidene difluoride (PVDF) and sonicated for four hours. The
PVDF solution acted as a binder during nanomaterials’ immobilization. The PVDF-
nanomaterial dispersion was thereafter coated uniformly over the membrane surface to
incorporate the nanocarbons, and then allowed to dry overnight under the hood for the
acetone to evaporate. Reduction of GO to r-GO was performed by adding different amount
of Zinc (Zn) to the solution in a stepwise process and details have been published by our
group [368]. Reducing the amount of Zn resulted in the formation r-GO containing

114



different percentage of oxygen (31, 19 and 9%). 9% oxygen was the most hydrophobic and
was thus chosen for THF separation experiments. r-GO and CNT mixture (1:1 by wt.) was
used to fabricate the combined r-GO plus CNT membrane. The fabricated CNT, GO, r-
GO, r-GO/CNT membranes are designated as CNIM, GOIM, rGOIM and rGO-CNIM,
respectively. Since very small amount of nanocarbon was used for membrane fabrication,
no noticeable change in thickness was observed.

The CNIM, GOIM, rGOIM, rGO-CNIM were characterized using scanning
electron microscopy (SEM) (JEOL; model JSM-7900F) and thermogravimetric analysis
(TGA) (Perkin—Elmer Pyris 7). Determination of membrane hydrophobicity was
performed via contact angle and liquid entry pressure (LEP) measurements using deionized
water, THF and their mixtures. Droplets of a fixed concentration of THF-water mixtures
(5 w/w% THF in water) using a micro syringe (Hamilton, 0-100 uL) were placed on the
unmodified PTFE, GOIM, rGOIM, CNIM and rGO-CNIM. The contact angle of the
droplet positions with the membrane surface were recorded using a digital camera to
determine the hydrophobicity. Experiments were performed three times and the average of
the contact angle values obtained has been reported here. The onset of the liquid entry into
the membrane is the LEP and was measured using a method described before [217]. The

measurements were repeated thrice to ensure reproducibility.

6.2.3 Experimental Setup

A flat PTFE membrane module was used for this SGMD experiments. The experimental
setup used has been shown in Figure 6.1. An inert sweep gas on the permeate side of the
membrane transported the vapor as expected in the sweep gas MD configuration [52, 216].

Peristaltic pump (Cole Parmer, model 77200-52) was used to pump the THF-water feed
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mixture through the membrane module and was recirculated and collected as the retentate.
The temperature of the THF-water feed mixture was controlled using thermistor
thermometers (K-type, Cole Parmer). The sweep gas flow rate was 4.5 L/min as measured
and was monitored by a flowmeter (model no EW-03217-02, Cole Parmer). The relative
humidity of the dry sweep air was estimated to be zero. Experiments with varying
conditions were performed three times for reproducibility and the relative standard

deviation was calculated to be less than 1%.

6.2.4 Experimental Procedure

The weight of the feed solution before and after experiments were measured using a digital
balance and the change in feed weight over time was used to estimate flux and separation
factor. An airtight feed chamber was used to eliminate chances of sample loss due to
evaporation. Compositions of the unknown mixture after each experiment were analyzed
by Refractive Index meter (EW 81150-55, Cole Parmer) to obtain the unknown
concentration of the THF-water mixture after each experiment. A calibration curve
showing refractive index vs concentration was thereafter used to calculate the THF flux

and separation factor.
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Figure 6.1 Schematic diagram of the experimental setup for the DCMD.
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6.3 Results and Discussion

6.3.1 Membrane Characterization

The SEM images of the original PTFE, GOIM, rGOIM, CNIM and rGO-CNIM are shown
in Figure 6.2a, b, ¢, d, and e. The porous structure of the PTFE membrane and presence of
the nanocarbons can be clearly seen with uniform nanocarbon distribution. From Figure
6.2b, the surface of GO had a layered sheet structure that can be attributed to layer-by-layer
stacking of GO. The GO sheets had smooth surface with few folded regimes and wrinkles
[369]. The structural image of rGO-CNTs is shown in Figure 6.2e. From the image
graphene and carbon nanotubes were well adhered to each other. Based on the SEM
images, the size of GO and rGO particles on the membrane were between 5um and 10 um
and between 150 nm and 250 nm, respectively. It is noted that the GO and rGO had
laminate structures with multiple layers making up each particle.

The thermal stability of the unmodified PTFE, GOIM, rGOIM, CNIM, rGO-CNIM
were studied using thermogravimetric analysis (TGA). All the modified membranes
exhibited improved thermal stability over the unmodified PTFE membrane. The TGA and
differential TGA curves of unmodified PTFE and rGO-CNIM are shown in Figure 6.3a
and 6.3b, respectively. It is observed that the initial thermal decomposition of the
membrane began at ~250 °C (degradation of PP support layer), followed by the degradation

of PTFE active layer at 530 °C.
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Figure 6.2 SEM images of a) unmodified PTFE membrane, b) GOIM, c¢) rGOIM, d) CNIM
and d) rGO-CNIM.
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It is well known that organic solvents have strong affinity for hydrophobic
surfaces [219]. The presence of THF resulted in strong interactions with the rGO-CNIM,

CNIM and rGOIM. The bar graph (Figure 6.4) shows the contact angle values for pure
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water and 5 (w/w %) THF in water. For rGO-CNIM, the contact angle with pure water
and aqueous THF solution was observed to be 112° and 80° respectively, showing a
reduction of 28.6%, the highest among all the fabricated membranes. The respective
reduction in contact angle for the samples were15.8 % and 8.4 % for rGOIM and GOIM,
respectively. The increased hydrophobicity of rGO led to stronger affinity for the organic
solvent, indicating improved THF separation performance of rGOIM over GOIM. In
general, increase in THF affinity to the r-GOIM, CNIM and rGO-CNIM over unmodified
PTFE and GOIM were observed and was expected to improve the separation

performance [319].
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Figure 6.4 Contact angle measurements of pure water and 5 (w/w %) THF membrane
surfaces.

The LEPs of pure water for PTFE, rGOIM, CNIM and rGO-CNIM were found to
be ~66 psig, respectively, and for GOIM, the value was ~58 psig. These decreased by 59,
68, 71, 75, and 58%, in PTFE, rGOIM, CNIM, rGO-CNIM and GOIM respectively for 15
(w/w %) THF-water mixture. The high LEP values indicate reduced membrane wettability

as was observed from the contact angle measurements described above. It is a well-known
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that LEP depends on contact angle (hydrophobicity), pore size of the membrane surface,
surface energy and surface tension of the feed mixture [46], and the presence of organic
materials in feed solution lowers the LEP of hydrophobic membrane. The contact angle
reduced with increasing THF concentration, thus resulting in a lower LEP. A further
lowering of LEP with THF in the feed solution was credited to the reduction in the surface
tension of the liquid and the contact angle. It is well known that LEP has a direct

relationship with the surface tension of the feed mixture and the contact angle values [370].

6.3.2 MD Separation Performance

The fabricated membranes’ performance was compared with the unmodified PTFE

membrane. The flux of component ‘i’ (Jwi), was described as:

Whi (6.1)
Axt

Ji =

Where, Wpi represents the amount of mass permeated for species ‘i’ within a
specific time period‘t’ through an active membrane area ‘A’. The efficiency of separation
for each membrane studied was represented by separation factor (oi-j), and is estimated

from the following mathematical relation:

YTHF /y (6.2)

water

OTHF-water = xTHF/
Xwater
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where y and x represent the permeate and feed side weight fraction of the
corresponding component. Apparent activation energy (Eapp) Of solvent transport in the

membrane processes can be expressed as [320, 371, 372]

(6.3)

Eq
J = Jo exp <— R—;’i}f’)

Where J and Jo are fluxes (mol m~2 h™1), R is gas constant (J mol™* K1), Tt
denotes feed temperature (K).

Figure 6.5 a and b represents the influence of feed concentration on THF flux and
separation factor, respectively. THF feed concentration of 2.5, 5 and 10 (w/w %) was
studied. The temperature in the THF-water feed mixture and feed side flow rate was kept
constant at 40°C and 112 mL/min, respectively. It can be observed from the figures that
with increase in THF concentration in feed, the flux increased for all membranes. All the
nanomaterial immobilized membranes exhibited improved separation performance
compared to PTFE membrane. The THF flux reached as high as 4.8, 5.9, 7.6 and 8 g/m2.h,
for GOIM, rGOIM, CNIM and rGO-CNIM respectively, at 5 (w/w %) of THF in the feed,
which were 20%, 47.2 %, 91.2 and 101 % higher, respectively compared to the PTFE
membrane. The highest THF flux for rGO-CNIM can be attributed to the higher THF
affinity, as also supported by the contact angle measurement, and activated diffusion via
frictionless CNTs surfaces through the membrane pores. The presence of oxygenated
functionalities (hydroxyl, carboxyl, epoxy) on GO may have limited the preferential
interaction with the organic moiety and quick transport of the THF on the GO frameworks

thus reducing the improvement in flux.
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Figure 6.5 b shows plots of separation factor of THF as a function of feed
concentration. It is evident from the plot that the separation factor has an inverse
relationship to the THF concentration for all membranes studied here. However, a higher
separation factor for rGO-CNIM and CNIM than rGOIM, GOIM and PTFE membranes
were observed at all tested THF feed concentrations. Enhancement over PTFE membrane
for THF reached as high as 29.7% for GOIM and 82.1% for rGOIM, 163% for CNIM and
181.8 % for rGO-CNIM at 5 (w/w %) THF and 40°C.

Separation properties of polymeric membranes typically show a tradeoff: with
increase in permeability, the selectivity decreases, and vice versa [373, 374]. In our
previous studies also, we have observed similar trend for VOCs removal via MD [146,
315]. With increasing THF concentration in feed, the partial vapor pressure of the
component increased leading to higher mass transfer gradient and flux. On the other hand,
high concentrations of organic molecules reduce the hydrophobicity of the membrane that
may help wet the membrane surface and cause the permeation of water molecules across
the membrane and reduce the separation factor. However, for nanocarbon immobilized
membranes, the increased hydrophobicity and preferential affinity towards THF increased
the overall permeation rate without significantly sacrificing the selectivity. A comparable
performance was noticed by Gostoli and Sarti [38] in separating ethanol from a dilute
ethanol-water mixture. Separation factor for ethanol changed significantly with variation
in feed composition, and they determined that the MD process is selective for ethanol at
low ethanol composition but tends to be water selective for a higher ethanol content in the

feed mixture.
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Figure 6.5 Effect of feed concentration on a) THF flux, and b) THF separation factor.

The effects of THF flux and separation factor on the unmodified PTFE, GOIM,
rGOIM, CNIM and rGO-CNIM as a function of feed temperatures are demonstrated in

Figure 6.6 and b. A feed concentration 5 (w/w %) THF at a feed flowrate of 112 mL/min
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was maintained. The permeate fluxes for all membranes increased with increase in feed
temperature. The vapor pressure has an exponential relationship with temperature and the
rapid increase in THF vapor pressure (148.45 mm Hg to 439.574 mm Hg) from 40 to 60°C
was reflected in the corresponding increase in THF flux. At 50 °C, the THF flux reached
up to 7.2 g/m?.h, 8.1 g/m2.h, 9.2 g/m?.h and 9.5 g/m?.h for GOIM, rGOIM, CNIM and rGO-
CNIM respectively with 5 (w/w%) THF in feed which were significantly higher than
previously reported data for pervaporation [375, 376]. In general, higher fluxes at all
temperatures for rGO-CNIM and CNIM were observed followed by rGOIM and GOIM,
with a more pronounced enhancement at reduced temperature. At 50°C the improvement
in THF flux reached up to 26.7, 42.3, 60.8 and 66.7% for GOIM, rGOIM, CNIM and rGO-
CNIM respectively, over pristine PTFE membrane. Hence, experiments can be done at a
relatively lower temperature with an effort to make the process sustainable and less energy
consuming. From Figure 6.6 b, it can be interpreted that at all the operating temperatures;
the combination of r-GO and CNTSs played a vital role in separating THF from aqueous
medium compared to the commercial PTFE membrane and the other two fabricated
membranes. It is interesting to note that, in general the flux reported here are significantly
(nearly an order of magnitude) higher than what has been reported for other techniques
such as pervaporation and extractive distillation [365, 377].

The separation factor enhancement of GOIM, rGOIM, CNIM and rGO-CNIM
compared to PTFE membrane reached as high as 46.9, 123, 263 and 279.2% at 50°C,
respectively. A reduction in THF separation factor with increase in feed temperatures was
observed for all membranes due to negative viscosity effects [220]. Increase in feed

temperatures also exponentially increased the water vapor pressure that resulted in higher
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amount of water diffusing through the membrane. Consequently, the partition coefficient

of THF decreased with temperature, which in turn reduced the overall THF selectivity.
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Figure 6.6 Effect of feed temperature on a) THF Flux, and b) THF Separation factor.

Figure 6.7 a and b demonstrates the effect of varying feed flowrate on THF flux
and separation factor. The feed flow rate was varied from 42 to 185 mL/min. The feed

temperature and concentration were kept constant at 40 °C and 5 (w/w %). The permeate
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flux and separation factor for rGO-CNIM increased as high as 9.5 g/m?h and 34.9,
respectively at the highest feed flow rate. Higher enhancement in flux for rGO-CNIM and
CNIM than the unmodified PTFE was observed, and enhancement reached as high as
82.7% and 76.9%. Increasing the feed flow rate reduces the variance between the feed side
concentration and the concentration on the membrane surface (known as concentration
polarization). Concentration of THF was reduced at the feed—membrane interface at lower
feed flowrates, resulting in lower flux. Increased THF flux can be attributed to the
increased turbulence at higher flowrates which increased the THF concentration and the
vapor pressure on the liquid-membrane interface. THF removal efficiency was higher due
to improved heat and mass transfer from the liquid feed to the membrane surface at higher
flowrates. It is evident from the figure that the rGO-CNIM and CNIM demonstrated higher
separation factor at all feed flow rates over the commercial membrane and GOIM. The
partitioning of the THF on the CNTs and r-GO in the rGO-CNIM also decreased with
increasing feed flowrate. Residence time is short at higher flowrates and comparatively
smaller amount of THF is available for partitioning on the rGO-CNIM and CNIM, resulting

in a reduction in separation factor.
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Apparent activation energy (Eapp) for THF transport through porous hydrophobic
membranes in SGMD mode was calculated from Eq. (6.3). The concentration of THF was

kept constant at 5 (w/w %). The Eapp values for PTFE, GOIM, rGOIM, CNIM & rGO-

CNIM are shown in Table 6.1.
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Table 6.1. Activation Energy of Unmodified PTFE and Fabricated Membranes

Membranes Apparent activation energy
(kJ/mol)
PTFE 31.47
GOIM 23.78
rGOIM 16.26
CNIM 13.74
rGO-CNIM 12.39

As evident from the table, that the presence of r-GO and CNTs significantly
reduced the apparent activation energy for THF. Among four membranes used, rGO-CNIM

showed the lowest Eapp value followed by CNIM, rGOIM, GOIM and PTFE membranes.

6.3.3 Mass Transfer Coefficient

The mass transfer coefficient (k) can be calculated from the following equation:

Ji (6.4)
(Pf - Pp)

k =

Where, Jwi denotes the flux of species ‘i’. Psi and Py represents the feed side and

permeate side partial vapor pressure, respectively. The vapor pressure of THF at a

particular temperature was obtained from other sources [222]. Entirely dried sweep air was

used on the permeate side of the membrane. Thus, the permeate side vapor pressure was

estimated to be nearly equal to zero and hence neglected in calculating the mass transfer
coefficient values.

The ‘k’ values of THF (5 w/w %)-water mixture at different working temperatures

and a fixed feed flowrate of 112 mL/min are presented in Table 6.2. Higher mass transfer

coefficient was observed for all modified membranes over pristine PTFE membrane.
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Among the modified membranes, rGO-CNIM demonstrated the highest ‘k’, followed by
CNIM, rGOIM, GOIM. The enhancement of mass transfer coefficient over PTFE reached
as high as 20.3% for GO, 47.1 % for rGOIM, 90.9% for CNIM and 100.7 % for rGO-
CNIM at 40 °C. The higher ‘k’ values can be attributed to the faster sorption/desorption
characteristics of CNTs [378]. A slightly reduced or almost constant ‘k’ values were
obtained at higher operating temperature for all membranes. Higher operating temperatures
results in an increased temperature polarization phenomenon that eventually decreases the
membrane mass transfer coefficient [324].

Table 6.2. Mass TransferCcoefficient of THF at Different Temperature and 5 (w/w
%) THF in Feed at 112 mL/min

'I;emperatu re Mass Transfer Coefficient (* 10 L/m?.h.mm-Hg)
= PTFE GOIM rGOIM CNIM rGoO-
CNIM
23 12.68 20.50 29.99 37.86 41.11
40 13.21 15.89 19.43 25.22 26.51
50 12.97 16.43 18.46 20.86 21.61

6.3.4 Membrane Stability

Membrane stability in presence of strong organic solvents like THF is an important factor
which needed to be considered. SGMD experiments were performed for 8 h a day for two
months with 10 (w/w %) THF concentration at the highest temperature of 50°C. The THF
flux was estimated from time to time. No considerable decline in flux and membrane
surface wetting were observed during extended usage. The recycled feed solution was

carefully inspected. The change in pH of the recirculated feed was investigated and
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compared to each other to watch the study the feed solution breakthrough. During long
term experiments, the pH showed minor variation within £0.2 implying that no feed
breakthrough occurred. It can be said that there was no substantial r-GO or CNT loss from
the surface of the membranes with extensive use. Similar membrane stability checks have
been performed before where CNIM was used at very high temperatures in aqueous

solutions for prolonged periods and then inspected for nanomaterial loss [206].

6.4 Proposed Mechanism
The proposed mechanism for THF flux enhancement by rGO-CNIM is shown in Figure
6.8. Mechanistically speaking, the driving force in MD for a particular component is the
difference in vapor pressure across the membrane. The higher vapor pressure of THF
(301.7 mm Hg at 40 0C) compared to water (55.2 mm Hg at the same temperature) helped
in preferentially generating of more THF vapor at the solvent-membrane interphase, which
eventually permeated through the membrane. Among the nanomaterials immobilized
membranes, GOIM exhibited lowest solvent removal performance, followed by rGOIM,
CNIM and rGO-CNIM. This may be due to the presence of polar functional groups on GO
surface that interact with the water molecules and eventually reduced the organic species
transport through the membrane. Apart from vapor liquid equilibrium, the reduction in
polar moiety on rGOIM increased the hydrophobicity, hence the organic solvent affinity
which improved the solvent separation performance over GOIM. The CNTs are known to
have high solvent sorption capacity and activated diffusion on its frictionless smooth

surface that provides an edge over the other membranes.
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The high porosity and surface area of r-GO along with its tunable hydrophobicity
and nanocapillary effect has shown superior adsorption capacity for organic solvents [379].
Hydrophilicity is more at the ends of the GO and rGO nanochannels while the inner
structure is more hydrophobic. The rGO membrane showed higher permeance for THF
than water, respectively, which is attributed to their lower polarity (0.27) compared to
water (1), resulting in less interaction with the hydrophilic portion of the nanochannels.
Earlier research has also validated the high partition coefficient and fast adsorption-
desorption on CNT of organic species for rapid mass transport [137, 138, 210, 326, 327,
380, 381]. Placing well-dispersed CNTs along with 2D graphene sheets provides effective
sorption sites for THF vapor. The rGO had a laminate structure with nano-scale interlayer
spacings, and the solvent selectively permeated via nanocapillary actions [382, 383]. It is
possible that the rGO layers also acted as selective sieves for THF [174]. Alcohol
molecules pass at a significantly slower rate than water through the nanochannels in rGO.
However, when they form a mixture with water, the water and alcohol molecules are held
together strongly via van der Waals or hydrogen bonds which pull the alcohol molecules
through the nanogaps owing to their higher affinity between water and the functional
groups in rGO [384].The combination of the transport mechanisms of CNTs and rGO led

to the highest flux among the membranes studied here.

6.5 Concluding Remarks
In the present work, membrane distillation was used for separation of THF from water
using GO, r-GO, CNTs and a hybrid r-GO-CNT system. All the nanomaterials incorporated

membranes showed better performance in terms of flux and THF separation factor than
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pristine PTFE membrane, and would be very useful for removal of low concentration of
solvents from water. The rGO-CNIM containing r-GO and CNT exhibited highest THF
flux and separation factor. The THF flux obtained here was approximately 8 times higher
than existing technologies like pervaporation and extractive distillation, the only other

membrane-based approaches reported for THF recovery.
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CHAPTER 7

CONCLUSIONS AND FUTURE PERSPECTIVES

7.1 Conclusions

This thesis presents novel nanomaterial-based membranes for organic solvent separation
from aqueous medium for applications in the biofuel industry. Sweep gas membrane
distillation was conducted to recover organic solvents with CNTs and reduced GO that
showed great potential for biofuel production by using fermentation byproducts.

Carbon nanotube immobilized membrane (CNIM) for separation of alcohol from
water via sweep gas membrane distillation (SGMD) was investigated. The alcohol flux,
separation factor and mass transfer coefficient obtained with CNIM are considerably higher
than the unmodified membrane at different feed concentration, flow rate and temperatures.
The presence of carbon nanotubes (CNTSs) is believed to significantly alter the liquid—
membrane interactions to promote alcohol transport in solvent-water mixture by inhibiting
water penetration into the membrane pores. Performance enhancement in CNIM can be
mainly attributed to the preferential sorption on the CNTs followed by rapid desorption
from its surface.

Microwave-induced membrane distillation (MIMD) as a process modification
technique was investigated for the improved organic solvent separation from agqueous
media via sweep gas membrane distillation. Microwave heated solvent-water mixtures
were separated on polytetrafluoroethylene (PTFE) and a carbon nanotube immobilized
(CNIM) membranes. The combination of CNIM and microwave heating is most effective

where the solvent flux obtained is as high as 11.3 L/m?.h and separation factor was 13.68,
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which are 46% and 102% higher than MD carried out by conventional heating. The mass
transfer coefficient in CNIM-MIMD is also 81% higher than conventional MD. The
presence of carbon nanotubes (CNTs) is believed to significantly alter the liquid—
membrane interactions to promote alcohol transport in solvent-water mixture by inhibiting
water penetration into the membrane pores. The improvement in performance of MIMD
was due to non-thermal effects such as localized superheating, and destruction of the
hydrogen bond in solvent—water clusters. Moreover, MIMD required less energy to operate
than conventional MD under similar conditions. Factors such as lower energy
consumption, higher flux, and separation factor in MIMD coupled with strong sorption
onto the CNT surface represents a major advancement in solvent separation by MD.
Acetone, butanol, and ethanol (ABE) mixture separation from dilute aqueous
fermentation products is an important process for the biofuel industry. We presented a
novel approach for ABE recovery using microwave induced membrane distillation (MD).
Carbon nanotube (CNTs) and octadecyl amide (ODA) functionalized CNTs were
immobilized on membrane surfaces and were used in sweep gas MD separation of ABE.
The ABE flux, separation factor and mass transfer coefficient obtained with CNT and
CNT-ODA immobilized membranes were remarkably higher than the commercial pristine
membrane at various experimental conditions. The ABE flux enhancement reached as high
as 105, 100 and 375% for CNIM and 63, 62 and 175% for CNIM-ODA, respectively. ABE
flux obtained was nearly ten times higher than that reported previously for pervaporation.
The mass transfer coefficient also increased significantly along with a lower activation
energy for the modified membranes. Mechanistically speaking, the immobilization of the

carbon nanotubes on the active membrane layer led to preferential sorption of ABE leading
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to enhanced separation. This phenomenon has been validated by the reduction of contact
angles for the aqueous ABE mixtures on the CNT and CNT-ODA immobilized membranes
indicating enhanced interaction of the ABE on the membrane surface.

Next, we presented the application of nanocarbon immobilized membranes for the
separation and recovery of tetrahydrofuran (THF) from water via membrane distillation.
Several nanocarbons, namely carbon nanotubes (CNTSs), graphene oxide (GO), reduced
graphene oxide (rGO) and rGO-CNT hybrid were immobilized on PTFE
membranes. Membrane distillation was carried out in sweep gas mode (SGMD) to study
the separation efficiency at relatively low temperatures (25°C to 50°C). All the nanocarbon
immobilized membranes exhibited significantly superior performance compared to an
unmodified PTFE membrane. Among the nanocarbons, rGO-CNT performed the best in
terms of flux and separation factor followed by the CNTs. The rGO-CNT represented an
enhancement of 101% in flux, 181.78% in selectivity and 225% in mass transfer coefficient
over the plain PTFE membrane for water containing 5% THF by weight and at 40°C. The
improved membrane performances of the rGO-CNT membrane was due to the preferential
sorption of THF on rGO-CNTs (as evident from the contact angle measurements),
nanocapillary effect through graphene sheets along with the activated diffusion of THF via

frictionless CNT surface.

7.2 Future Perspectives

Although membrane distillation is a very efficient technique for organic solvent separation,
trace amount of water is left behind after the separation which necessitates the coupling of

this process with another membrane-based technique to recover pure form of alcohol that

138



is needed by pharmaceutical or biofuel industries. In pervaporation, liquid mixtures are
separated by selective interaction of compounds with a dense membrane. The components
are selectively transported through the membrane and then vaporized due to lower partial
pressure in the permeate side, achieved using a vacuum pump or an inert gas stream. The
separation is accomplished by relative permeation of solution through the membrane,
which depends on both thermodynamic (adsorption) and kinetic (diffusion) aspects. MD is
like pervaporation process. The main difference between the two processes is the role of
the membrane. The hydrophobic microporous membrane acts only as a support to the
liquid—vapor interface and does not chemically distinguish solution components. The
process selectivity depends on the vapor—liquid equilibrium phase separation.

We are currently working on a hybrid system combining MD and pervaporation for
ethanol separation and ABE separation from water, considering experimental data and
most significantly data reported in the literature for PV, carefully selected in terms of
temperature and ethanol concentration. Experiments of MD and pervaporation were
performed under same operational conditions, put together in series. Our model
calculations show that with 10 (v/v %) of ethanol in feed, a concentration of 73 (v/v %) for
ethanol was achieved with MD. The permeate collected was then used as the feed
composition for PV experiments. The PV experiments concentrated the ethanol solution

up-to 96.4 % with a recovery of 90% and removing the excess water.
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