Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



ABSTRACT

NANOCARBON MODIFICATION OF MEMBRANES FOR
ENHANCED WATER DESALINATION AND WATER TREATMENT

by
Worawit Intrchom

Water scarcity is foreseen to be one of the great global issues in the coming decades. The
challenges are not only in providing water supply to cope with the growing public demand,
but recovering clean water to natural resources. Clean water supply, from brackish and
seawater is attractive. Membrane distillation (MD) is an emerging thermal membrane-
based process that has been used for desalination and other pollutant separations from
water. MD can be operated at low temperature, so low-grade energy sources are a good
alternative heat source for MD. High salt rejection and low membrane fouling also make
MD interesting for sea water desalination and wastewater treatment. In this dissertation,
three major challenges related to water treatment are addressed. Approaches to enhance the
MD performance by modifying the commercial membranes with different carbon-based
nanomaterials are explored. These are the basis of this dissertation.

In the first application, graphene oxide (GO) is immobilized on the permeate side
of a polytetrafluoroethylene (PTFE) membrane for desalination via direct contact
membrane distillation (DCMD). The hydrophilicity of the permeate side of the membrane
is enhanced by immobilizing the GO to facilitate fast condensation and withdrawal of the
permeate water vapors. The graphene oxide immobilized membrane on the permeate side
(GOIM-P) improves the performance of DCMD. The water vapor flux of the modified
membrane is higher than that of the unmodified membrane for all operating parameters;

temperature, feed flow rate, and concentration.



In the second application, the raw carbon nanotubes (CNTSs) and the more polar
carboxylated carbon nanotubes (referred to as f-CNTs) are employed to create carbon
nanotube immobilized membranes (CNIMs) for ammonia separation via direct contact
membrane distillation (DCMD). The ammonia removal by both CNIMs are markedly
superior to that of the original PTFE membrane, while functionalized CNIM (CNIM-f)
shows the best performance in terms of flux, mass transfer coefficients, and selectivity.
The enhancement in ammonia removal with f-CNTs is attributed to the favored
chemisorption of ammonia with the carboxylic groups of the f-CNTs.

In the third major application, functionalized carbon nanotube immobilized
membranes (CNIM-f) and graphene oxide immobilized membranes (GOIM) are applied to
separate methyl tert-butyl ether (MTBE) from its aqueous solution via sweep gas
membrane distillation (SGMD). CNIM-f provides the best performance in terms of flux,
removal efficiency, mass transfer coefficients and overall selectivity. The immobilization
of functionalized CNTs (f-CNTs) alters the surface characteristics of the membrane and
enhanced partition coefficients, and thus assists MTBE transport across the membrane. The
fast adsorption-desorption of organic moiety on f-CNTSs results in activated diffusion and
lead to high flux enhancement.

This dissertation shows that the modification of the membranes with carbon-based
materials namely CNTs, GO and their derivatives is an effective alternative to enhance the
performance of MD and the membrane modified by CNTs and GO has the great potentials

for water purification and solvent removal from aqueous solution using MD technology.
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CHAPTER 1

INTRODUCTION

1.1 Background

The world population has rapidly and continuously increased from 1.65 billion in 1900 to
7.6 billion at the present (2019) and it is projected to be 9.8 billion in 2050 and 11.2 billion
in 2100 [1]. The increase in world population not only results in industrialization and
urbanization, but also simultaneously stimulates the development of sciences and
technologies. Although these advancements promote the quality of life and the growth of
economy, they exploit a lot of resources and generate several types of environmental
pollution at the same time. A variety of environmental issues arising in many counties
around the world have continually been reported [2-6], these include water pollution. Water
pollution is caused by releasing and leaking of different kinds of pollutants from
municipality, industry, and agriculture into the water body. These pollutants deteriorate the
water quality, restrict water use, and can harm human health [7]. Therefore, to protect the
water quality, preserve the water resources for human use, and consequently promote
human health, the appropriate water treatment technologies are of significant importance.

Water is a basic human need. Human use water for drinking, cooking, and cleaning
in everyday life, so clean water is of vital necessity for human health [7, 8]. In fact, the
amount of water in the world is available for all populations, but most of the water (~ 97%)
is saline water in the seas and oceans that must be treated for consumption, and the rest
(~3%) is fresh water that only 1% of this amount or 0.03% of all water can be accessed by

human [9] as the detail shown in Figure 1.1. Furthermore, not everybody can use or access



fresh water reservoirs because of limitations such as the unmatched distribution of these
reservoirs with world population distribution, long distance from water reservoirs [10], and
poor quality of water [11-13]. As a result, there is only the small amount of fresh water that
humans can use to fulfil human needs and people in some areas still face with the scarcity
of water [14, 15]. As mentioned before, brackish and sea water are the largest water
resources in the world that can supply water for all people; therefore producing clean water
from this resource is attractive. However, purification technologies called desalination are

necessary to treat these waters [16].

Earth’s Land Area 29.1% Earth’s Water Area 70.9%
of Total Area of Total Area
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All water
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Figure 1.1 The world’s water distribution.



Water and wastewater treatment technologies have been continuously studied,
developed, and exploited from small households to big firms [17]. Among these
technologies, membrane separation process has gained attention from several sectors,
especially the industrial [18-21], since membrane process offers many advantages over
other wastewater and water treatment technologies. In membrane separation, a variety of
the membrane with different pore sizes can be chosen and used to screen the mixture at the
molecular scale step by step up to the level determined by the standard or to the scale of
what we desire [22]. With different polymer membranes and further modification [23],
membranes can have high selectivity for the specific matter [24]. Simple concept and easy
operation with low maintenance process is a key advantage of membrane technology. In
addition, less chemical and energy consumption compared to other technologies make this
technology more friendly to the environment [25].

Membrane technology such as reverse osmosis (RO) and other filtrations—Ilike
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and forward osmosis (FO)—
have played a key role as the main membrane processes in water and wastewater treatment
[26]. Although these processes offer many outstanding merits, they still have inherent
limitations. As MF, UF, NF, and RO are pressure-driven membrane processes, membrane
fouling is one of their impediments [27, 28] especially for RO. RO process is sensitive to
fouling that can occur when the high concentration formed or concentration polarization
happens at the boundary layer [29]. Therefore, pre-treatment of feed solution and system
maintenance are needed to reduce the energy use and cost of RO operations, and protect
the membrane [30]. In addition, the high cost of RO systems is a big impediment to

installation for a developing country [31]. While other membrane processes have the



external concentration polarization as a limitation, FO faces with the internal concentration
polarization [32]. Reverse salt flux is also one of the demerits of FO [33]. Although FO
process is a good alternative to draw water from the solution, it needs other further
processes to produce purified water. As a result, using FO alone may be impractical for
water purification, but it is suitable for a pre-treatment process [34]. Therefore, other
techniques should be studied and developed as alternatives in order to support the demand
for desalination and water purification.

Membrane distillation (MD) is an emerging thermal membrane-based desalination
technology that employs the difference in the water vapor pressure between feed and
permeate side as a driven force. 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 [35]. MD has been successfully tested
for desalination [36], purification applications [37], and other wastewater treatments [38,
39]. For these purposes, MD can be used as a stand-alone system and a hybrid process [40,
41]. 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 [42]. 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 [43-45]. Although MD has many outstanding merits, it still suffers from
the low permeate flux, a main drawback. Therefore, in this dissertation, the approaches to
overcome this limitation of MD are presented to be as alternatives for desalination and

other separations.



1.2 Objectives and Scope of the Study
In this study, the overall objective was to develop the approaches to enhance the MD
performance for water desalination and water treatment. The main approach was to use
carbon-based nanomaterials such as carbon nanotubes (CNTs) and graphene oxide to
modify the commercials membranes for MD. The scope of the study is defined as follows;
1. Modifying the permeate side of commercial membranes by immobilizing GO
(graphene oxide), characterizing the modified membrane, and varying the
operating conditions (e.g., feed temperature, feed flow rate, and feed
concentration) to study the DCMD (direct contact membrane distillation)
performance for desalination.
2. Utilizing carbon nanotubes and their derivatives immobilizes on the
membranes, characterizing the carbon nanotube immobilized membranes
(CNIMs), and studying the DCMD performance with various operating
conditions for ammonia removal.
3. Immobilizing carbon nanotubes and their derivatives on the membranes,
characterizing the modified membrane, and studying the SGMD performance

with various operating conditions for methyl-tert butyl ether (MTBE)
separation.

1.3 Dissertation Outline
This dissertation composes of three main parts; Part I- Chapter 1 introduction and Chapter
2 literature review, Part Il- Chapter 3, 4, and 5, and Part I1lI- Chapter 6 conclusion and
recommendation. In Chapter 3, the performance of membrane modified by graphene oxide
on the permeate side of membrane was assessed and compared to the original commercial
membrane using DCMD. Chapter 4 presents the approach to enhance the ammonia
separation using carbon nanotube and carboxylated carbon nanotube modified membranes
via DCMD. Chapter 5 shows the performance of functionalized carbon nanotube and
graphene oxide modified membranes in methyl-tert butyl ether (MTBE) separation via

sweep gas membrane distillation (SGMD).



CHAPTER 2

LITERATURE REVIEW

In this chapter, the literature on the principle and theory of membrane distillation is
reviewed in order to clearly understand how MD works and what factors affect how MD
works. The MD applications and the modifications to enhance the MD performance are

compiled to review the progress of this technology.

2.1 Principle and Theory of Membrane Distillation

2.1.1 Basic Principle of Membrane Distillation

Membrane distillation is a thermal and membrane-based separation process. The principle
of MD is to apply the difference in the vapor pressure of hot feed side and of cold permeate
side as a force to transport the vapor molecules through the hydrophobic porous membrane
[46, 47]. The feed solution is heated to raise the temperature that results in an increase in
vapor pressure at feed side, while the permeate side has lower temperature and lower vapor
pressure. This creates the vapor pressure gradient between the two sides of the membrane
[48]. The transported molecules through the membrane are condensed on the permeate side
in different ways depending on the MD configurations [49] as descripted in the next
heading. The hydrophobicity of membrane prevents the penetration of aqueous solution
through the membrane due to surface tensions, but let only vapor molecules passing

through. The concept of MD is shown as the schematic diagram as Figure 2.1.



Hydrophobic porous
Membrane

Tf Temperature at feed side

Tp Temperature at permeate side
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Pp Vapor pressure at permeate side
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Figure 2.1 Schematic diagram of MD concept.

2.1.2 Membrane Distillation Configurations
In general, MD system can be divided into three parts; feed side, membrane cell/module,
and permeate side. Feed side simply consists of feed storage tank, heat source, and a feed
circulation system. MD cell or module contains hydrophobic porous membrane, and
permeate side composes of a condensing process. There are four standard MD
configurations based on the different condensing processes on the permeate side, namely
direct contact membrane distillation, air gap membrane distillation, sweep gas membrane
distillation, and vacuum membrane distillation [46, 47, 49, 50].

Direct contact membrane distillation (DCMD) is the simplest and the most
commonly used MD configuration. While the hot solution is circulated on the feed side of

the membrane, the cold aqueous solution is fed to directly contact with the permeate side



of the membrane [49]. In this way, the vapor is condensed inside the MD module [47].
Figure 2.2 shows the schematic diagram of DCMD module. DCMD is suitable for
desalination and concentration of fruit juices in the food industry or aqueous acids [47] due
to its simple setup as illustrated in Figure 2.3. In addition, DCMD provides reasonable high
flux [37]. However, the major disadvantage of DCMD is relatively lower thermal

efficiency than other configurations [49].

Feed Out--¢ Stripping Liquid

Membrane

Permeate and
Stripping Liquid

Feed In

DCMD

Figure 2.2 Schematic diagram of DCMD module.
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Figure 2.3 Experimental setup of DCMD.

Air gap membrane distillation (AGMD) applies the stagnant air gap inserted
between the membrane and cold condensing plate on the permeate side of the MD module
[50]. The schematic diagram of AGMD module is depicted in Figure 2.4. In this
configuration, the hot solution directly contacts the membrane surface on feed side, the
vapor molecules pass through the membrane and the air gap, and then condense on the
condensing surface inside the membrane module [47]. The condensing plate is cooled
down by a coolant at the opposite side of the air gap. A simple experimental setup of
AGMD is shown in Figure 2.5. The air gap in the MD module reduces the heat loss via
conduction and makes AGMD as the highest energy efficiency configuration [37].

However, the air gap simultaneously creates the additional vapor transfer resistance



resulting in the lower permeate flux that is considered as a disadvantage of AGMD [37,

51]. AGMD can be used for desalination and separating volatile compounds from aqueous

solutions [47].

Feed Out g——— Coolant In

Air Gap

Membrane,

I Condensing Plate

Feed In —Jp- Coolant Out
Permeate

AGMD
Figure 2.4 Schematic diagram of AGMD module.
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Tank Hot Feed

Temperature
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Distilled Water

Figure 2.5 Experimental setup of AGMD.
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Sweep gas membrane distillation (SGMD) is a MD configuration where, in the
permeate side, the inert gas is used to sweep the transferred vapor molecules from the feed
side and to carry those molecules to condense outside the MD module [49, 50], while the
hot solution is fed and contacts directly on the other side of the membrane as shown in
Figure 2.6. The sweeping inert gas not only plays a key role as a gas barrier to reduce the
conductive heat loss [47], but also enhances the mass transfer by reducing mass transfer
resistance [49]. The main disadvantage of SGMD is the extra costs to operate the external
condensation system [49]. Furthermore, due to a small amount of permeate vapor diffusing
in a sweep gas volume, a large condenser is required to obtain the high flux [47]. SGMD
is proper for removing volatile compounds from aqueous solution [37]. A SGMD

experimental setup is represented in Figure 2.7.

Feed Out - Sweeping Gas

Membrane

Permeate-Vapor
Condenser

Feed In

SGMD Permeate

Figure 2.6 Schematic diagram of AGMD module.
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Figure 2.7 Experimental setup of SGMD.

Vacuum membrane distillation (VMD) is the other MD configuration where, in the
permeate side, the external condensation system is employed to condense the vapor outside
the MD module [47], like SGMD. However, instead of using gas to carry the permeate
vapor, the vacuum is applied (as shown in Figure 2.8). The applied vacuum is created by
means of a vacuum pump [50] that further connects to the cold vacuum trap. By this means,
the conductive heat loss is negligible and the higher flux can be obtained, and both of which
are the great advantages of VMD [47]. Nevertheless, applying vacuum can create some
disadvantages for VMD, including higher membrane wetting, higher membrane fouling,
and lower selectivity [9]. VMD is useful for volatile compound separation from aqueous

solutions [37]. An experimental setup of VMD is illustrated in Figure 2.9.
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Figure 2.8 Schematic diagram of VMD module.

A Hot Feed Inlet

/

(5]

=

3 —

& =

S = Vacuum

é 3 Pump
©
>

Liguid Nitrogen Tank

Distilled Water in the
Trap

Hot Feed
Oulet

Temperature
Regulated Oil Bath

Figure 2.9 Experimental setup of VMD.
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The advantages and disadvantages of conventional MD configurations are

summarized in Table 2.1.

Table 2.1 Advantages and Disadvantages of Conventional MD Configurations

Configuration Advantages Disadvantages
The easiest and simplest High temperature and
configuration in design and concentration polarization.
DCMD operation. High heat loss by conduction.
Minimum requirement of Low thermal efficiency.
equipment.

High and stable permeate flux.
Internal heat recovery is

feasible.
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 membrane pore wetting.
loss. High membrane fouling.

VMD Very low thermal polarization.  Low selectivity.

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

Source: [9, 51, 52]

2.1.3 Mass and Heat Transfer

In MD process, there are two phenomena: heat and mass transfer correlatively occurring
in the same direction. The temperature gradient from the feed side to the permeate side
makes heat transfer, while simultaneously, the difference in vapor pressure results in mass

transfer through the membrane [53]. Here, mass transfer will be explained using DCMD
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configuration, a typical configuration of MD. There are three consecutive steps of mass
transfer in DCMD [49, 54]. First, the vapor molecules are emitted at the liquid/gas
boundary layer on the feed side, the second the vapor passes through the membrane pore
from the hot feed side to cold permeate side by the vapor pressure gradient, and third the
vapor condensed at the gas/liquid boundary layer on the permeate side. In mass transfer,
there are two major factors: vapor pressure gradient and the permeability of the membrane
that play the role in mass transfer controlling [37]. Mass transfer per a unit of time per a
unit of active area of the membrane is termed as the mass flux (J), which can be expressed
as a linear function of the vapor pressure difference across the membrane [55], as shown

in the following equation:

where K is the overall mass transfer coefficient, and Pf and Pp are partial vapor pressure
of average feed and permeate temperatures, respectively. The overall mass transfer

coefficient (K) is the reciprocal of an overall mass transfer resistance, which is composed

of mass transfer resistances of feed layer (Kif), membrane (ﬁ), and permeate layer (Kip).

Therefore, K can be described in term of mass transfer resistance as:

- 1+1+1l‘1 (22)
K" Kn K,
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In this case, feed and permeate sides of the membrane are in good fluid dynamic
conditions, mass transfer resistance of the membrane is dominant, and Km varies in line

with characteristics of the membrane as seen in the following equation [37]:

d®e (2.3)
th

where d?is pore sizes of the membrane, ¢ is the membrane porosity, t is the tortuosity of
the membrane, and b is the membrane thickness.

Mass transport through the membrane in the MD process have been explained by
different types of mechanisms. However, there are three popular models proposed;
Knudsen flow, Poiseuille flow (viscous flow), and Molecular diffusion model or
transitionary model (a combination between these three models) [9, 37, 47, 50]. Zhongwei
et al. [56] proposed that Knudsen flow occurs if the mean free path of water molecules is
much larger than the pore size of the membrane and thus there is high possibility that the
vapor molecules will collide with the wall of membrane pore. In this case. the Knudsen
number (Kn) is used to provide the information of which mechanism is dominant inside

the membrane pore and the number is defined as:

(2.4)
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where | is the mean free path of the molecules, and d is the mean pore size of the membrane.
If Kn is greater than 1, Knudsen diffusion is the dominant mechanism for the mass transport
through the membrane pores; Kn is between 0.01 and 1, the combination of Knudsen and
Molecular diffusion models is responsible for the mass transport; and if Kn is less than
0.01, Molecular diffusion is the dominant mechanism for the mass transport [57].

From the Equation (2.4), it can be seen that Molecular diffusion governs the mass
transport when the pore size of membrane is greater than the mean free path of the
molecules. Guijt et al. [58] also stated that Molecular diffusion took place only for large
pore membrane. In this mechanism, the molecules transfer corresponding to each other
under the influence of concentration gradients. In Poiseuille flow, the vapor molecules
move as a continuous fluid controlled by the pressure gradient [47], and this mechanism
may be considered as one of the mechanisms occurring in the large pore size membrane
from the study of Zhongwei [56]. The combination of Knudsen and Molecular diffusion is
pointed out that occurs simultaneously for pore size less than 0.5 pm. membrane [59],.
while Knudsen diffusion and Poiseuille flow are suggested that can be expressed for de-
aerated DCMD [60, 61]. In addition to these three basic mechanisms, Schofield’s model
and the Dust-Gas model are also popular mass transfer models for membrane distillation
[62, 63].

As a non-isothermal process, heat transfer is of critical importance for membrane
distillation. Two main heat transfer mechanisms: latent heat and conduction heat transfer
work in the MD process [47]. There are three main steps of heat transfer in the MD: heat
transfers through the boundary layer of feed side, heat transfers through the membrane, and

heat transfers through the boundary layer of permeate side [37, 47, 50].
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On the feed side, heat transport from the bulk solution to the membrane surface
across the boundary layer and the considerable quantity of heat is used for liquid
evaporation. The amount of heat transport across the feed boundary layer (Qf) can be

expressed as:

where Cf is the heat transfer coefficient of the feed side boundary layer, Thf and Tmf are
the bulk solution temperature and the membrane surface temperature at feed side,
respectively.

At the membrane, there are two heat transfer processes occurring: latent heat
transferred by the water vapor (Qv) and sensible heat conducted across both the membrane
matrix and gas contained membrane pores (Qc) [47, 49]. These two values can be

calculated by following equations:

Qy, = JAH, (2.6)

A 2.7
Q= E(Tmf - Tmp) (

where J is the permeate flux, AHg is the latent heat of vaporization, A is the thermal
conductivity of the membrane, Tmf is the surface temperature at permeate side. Therefore,

the total heat flux (Qtm) across the membrane can be described as;
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Qim = @y + Q; (2.8)

or
A (2.9)
Qim = E(Tmf - Tmp) + ]AHg
The thermal conductivity of the membrane (1) can be expressed as;
A= edg+ (1 —¢)ls (2.10)

where Ag and As are the thermal conductivity of gas and membrane matrix, respectively.

On the permeate side, the temperature of membrane surface is higher than that of
the bulk solution; therefore, heat transports from the membrane surface to the bulk solution
across the boundary layer [49]. The amount of heat transport across the permeate boundary

layer (Qp) can be expressed as;

Qp = Cp (Tmp - pr) (2-11)

where Cp is the heat transfer coefficient of the permeate side boundary layer, Tbp is the

bulk solution temperature at permeate side.

2.1.4 Temperature Polarization and Concentration Polarization

During heat and mass transfer in the MD process, two phenomena called temperature
polarization and concentration polarization emerge and inevitably result in vapor flux
decline[48]. On the feed side of the membrane, the large quantity of heat from feed bulk

solution is used to evaporate liquid at the liquid/gas interface and some is conducted
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through the membrane to the permeate side [37, 49]. This brings about the drop of bulk
feed temperature across the feed boundary layer from Thf to Tmf at the membrane surface.
While on the permeate side, the vapor condensation into the cold water and heat transfer
from the feed side give rise to increase in the temperature across the permeate boundary
layer from Tbp of the cold permeate stream to Tmp at the membrane surface (as illustrated

in Figure 2.10). This change in temperatures is known as temperature polarization [64].
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Figure 2.10 Temperature polarization and concentration polarization.

Temperature polarization causes the reduction of vapor pressure, the driving force
of MD, and then the decrease in vapor flux. Temperature polarization coefficient (TPC) is
basically used to measure the resistance over the overall heat transfer resistance [65]. TPC

is defined as the ratio of the transmembrane temperature to the bulk temperature difference;
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_ Ty = Tonp) (212)
(Tpy — Tpp)

TPC

The efficiency of the MD process can be designed by using TPC as an indirect
index, and usually for good arrangement of fluid dynamic for DCMD, TCP of between 0.4-
0.7 is used to the system design [65, 66].

Concentration polarization is a major cause of flux decline in filtration processes,
especially pressure-driven membrane processes such as ultrafiltration and reverse osmosis.
In these techniques, concentration polarization not only results in flux reduction, but also
shortens the lifespan of the membrane [67]. In MD, concentration polarization happens
when the water at the liquid/gas interface vaporizes; the concentration of solutes at that
point (Cmf) become higher than that at the bulk solution (Cbf), as illustrated in Figure 2.10.
Concentration polarization in MD leads to the reduction of the driving force and the
permeate flux [50]. Concentration polarization coefficient (PCP), used to determine the
degree of concentration polarization, is defined as the ratio of the solution concentration at

the membrane surface to that at the bulk feed[49];

Cims (2.13)

CPC =

The concentration of solute on the membrane surface (Cmf) can be estimated as

the following equation [47];
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Cng = Cpp exp (pj_K) (2.14)

Where p is the liquid density and K is mass transfer coefficient. However, Khayet [46],
Lagana et al. [68], and Martinez [69] pointed out that, compared to temperature

polarization, concentration polarization is insignificant in DCMD.

2.1.5 Operating Parameters and their Effects on MD Performance

In MD operation, there are many factors or parameters influencing the performance of the
system, e.g., feed and permeate temperature, feed concentration, feed flow rate, permeate
liquid and air flow rate, etc. These parameters and their influence on MD performance,

especially the permeate flux, will be reviewed in this section.

2.1.5.1 Feed and Permeate Temperature. As a thermally driven process,
temperature of feed solution has been proven to directly affects the permeate flux [64, 70,
71]. The increase in temperature rises the vapor pressure of a liquid exponentially
according to the Antoine equation. As a result, increasing the operating temperature of MD
also builds up the vapor pressure of the system, and then has the exponential effect on the
permeate flux. Gunko et al. [70] and Chen et al. [71] described that when the temperature
difference between the two sides of membrane surface increases, it results in the positive
diffusion coefficient and contributes to the higher vapor flux. This is in line with a study
of Srisurichan et al. [72] that pointed out the possibility of the direct relation between
diffusivity and temperature. However, Termpiyakul et al. [55] and Zhang et al. [73]
believed that increasing feed temperature rises the temperature polarization and leads to

the vapor flux depletion. For permeate temperature for DCMD, decreasing the coolant
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temperature leads to a significant change in the permeate flux [70, 74]. On the other hand,
Banat and Simandl [75] and Matheswaran et al. [76] concluded that there is negligible
effect of the cold side temperature on the permeate flux because of insignificant change of

vapor pressure at low temperature.

2.1.5.2 Feed Concentration. The concentration of feed solution is a parameter
affecting the performance of MD. Unlike the pressure-driven processes, MD can handle
the higher concentrations of the feed solution with less membrane fouling and without the
significant drop of flux. However, the experimental results showed that the permeate flux
decreased with an increase in the feed concentration [48, 77-80]. The reduction of the
permeate flux arises from the decrease in the water vapor pressure [77]. Lawson and Lloyd
[59] concluded that there are three possible reasons for the reduction of water vapor
pressure resulting in flux reduction when the concentration of NaCl solution increases:
first, increase in feed concentration decreases the water activity; second, increase in feed
concentration creates more concentration polarization and leads to the reduction of mass
transfer coefficient of boundary layer at the feed side; last, heat transfer coefficient

decreases at boundary layer due to the reduction in the temperature at membrane surface.

2.1.5.3 Feed Flow Rate. Increasing the feed flow rate lessens the thickness of
boundary layer, improves the heat transfer coefficient, and consequently, the permeate flux
is enhanced [72]. As the thickness of the feed boundary layer becomes thin, the
temperature and concentration at liquid-gas interface become closer to those values at the
bulk feed solution [81] and results in the reduction of temperature and concentration
polarization [48, 71]. This is in line with a study of Izquierdo-Gil et al. [82] that found the

temperature and concentration polarization reduce with an increase in feed flow rate.
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2.1.5.4 Permeate Liquid Flow Rate. In theory, permeate flux can be enhanced by
increasing permeate liquid flow rate. Temperature polarization declines when the permeate
flow rate increases, and temperature at the gas/liquid interface gets closer to the
temperature of the bulk liquid. This promotes driving force across the membrane and
enhances the permeate flux [83, 84]. This is confirmed by Shojikubota et al. [85]. They
indicated that the permeate flow rate is important to the permeate flux. On the other hand,
Banat and Simandl [75] pointed out that increasing the permeate flow rate has negligible

effect on the flux product.

2.1.5.5 Other Parameters. The effects of other operating parameters have also been
studied in order to improve the MD performance such as the air flow rate in SGMD, air
gap in AGMD, and vacuum pressure in VMD and operation time.

Air flow rate or sweeping gas velocity in the permeate side is the important
parameter in SGMD. Permeate flux enhancement with increasing in the air flow rate or gas
velocity has been reported [86, 87]. This is due to the enhancement of heat transfer with an
increase in the air recirculation rate by reducing the temperature polarization effects at the
permeate membrane surface. As a result, the temperature at the boundary layer becomes
close to that of the bulk permeate side, and therefore, the driving force is improved [88].
In addition, the sweeping gas also extends the pressure difference between feed and
permeate side that also promote the driving force [89]. Xie et al. [90] studied the removal
of ammonia by SGMD. They found that increasing an air flow rate of 0.4 to 3.0 L/min
enhanced the ammonia removal from 48 to 96% in 2 h.

In AGMD, the size of air gap affecting the MD performance has been studied [82,

91]. Enlarge the air gap causes the reduction of permeate flux due to increasing in the mass
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transfer resistance, so reducing the thickness of air gap reduces the resistance and then
improves the performance of MD. Alklaibi and Lior [92] indicated that narrowing the
width of air gap increased the flux by double, and the gap of less than 1 mm. will give a
more dramatic result. Pangarkar and Deshmukh [93] studied the theoretical and
experimental analysis of AGMD and they reported that by reducing the air gap thickness
from 10 to 5 mm., the permeate flux was theoretically and experimentally enhanced by
35.5 and 41.1%, respectively.

The driving force for MD comes from the difference in the pressure of the feed and
permeate side. Increasing the pressure on the feed side or decreasing the pressure on the
permeate side can rise this driving force and, consequently, enhance the permeate flux.
Vacuum used for reducing the pressure on the permeate side has been studied by Bandini
et al. [94, 95], Sivakumar [96], Lovineh [97], and Banat [98]. They found that decreasing
in vacuum pressure of permeate side significantly improved the permeate flux. Wu et al.
[99] employed VMD to remove 1,1,1-trichloroethane (TCE) from water. They indicated
that TCE removal efficiency slightly increased when the vacuum pressure decreased from
100 mmHg to 60 mmHg. However, they pointed out that the removal efficiency of 93.6%
could be achieved at the vacuum pressure of 60 mmHg. Similarly, EL-Bourawi et al. [100]
studied the ammonia removal from water using VMD and reported that the ammonia flux
increased at the lower downstream pressure.

A long period of operating time clearly causes the decline of the permeate flux in
MD due to fouling or membrane wetting [59]. Banat and Simandl [101] examined the
influence of long operation time (8 weeks) on the flux using trap water as a feed. They

discovered that during the first 50 h, the permeate flux increased, and after that the flux
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dropped for 160 h., before reaching the steady state. For seawater, the flux declined and
arrived the steady state condition earlier about ten days [75]. Drioli and Wu [102] came

along with the same result, when 1 M of NaCl had been tested for six days.

2.1.6 Membranes for Membrane Distillation
Membrane is of vital importance for MD. In this section, the membrane types, membrane
modules, and characteristics of the membrane including membrane materials and

membrane fabrications for MD will be described in some detail.

2.1.6.1 Membrane Types and Membrane Modules. Membranes for MD can be
divided into two common types; flat sheet and hollow fiber [37], as illustrated in Figure

2.11.

Figure 2.11 Membrane types a) hollow fiber, and b) flat sheet.

The structures of the two membrane types may be classified into two categories;
isotropic and asymmetric membranes. Both of these membranes have the hydrophobic
layer in common. Isotropic membrane is the membrane that has the same structure or

homogeneous structure throughout the entire membrane or cross-section [42], while
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asymmetric membrane may be a membrane with a heterogeneous structure from one single
material, or a membrane with two or more layers of the different materials. The former is
called the integral asymmetric membrane, while the latter is named the composite
membrane. In MD, a composite membrane composes of one active hydrophobic layer and
a supporting layer. The supporting layer may be a non-woven or scrim support that
provides the mechanical strength for the membrane. Schematics of membrane structures
and the examples of the supporting layer are shown in Figure 2.12. The hollow fiber
membrane can be both symmetric and asymmetric membranes, while most of the flat sheet

membranes are of an asymmetric structure.

Figure 2.12 Schematics of a) isotropic membrane, b) integral asymmetric

membrane, ¢) composite membrane, and figures of d) non-woven, e) scrim

support.

The membrane modules may be separated into four types; plate and frame, hollow
fiber, tubular membrane, and spiral wound membrane [47]. In a plate and frame module, a

flat sheet membrane with/without a spacer is inserted between two circular or rectangular

plates. The plates may be metal or polymeric materials such as polytetrafluoroethylene

27



(PTFE). This kind of module is easy to clean and the membrane is easy to replace, so it is
widely used in laboratories. However, packing density, which the ratio of the membrane to
the packing volume, of this module may line in the range of 100-400 m?/m3 that is quite
low. In a hollow fiber module, the hollow fiber membranes with the inner diameters of 50-
500 pm are sealed inside a shell tube. The feed solution flows through the hollow fiber and
the permeate is received on the outside of the membrane, or vice versa. This module has
the highest packing density of all modules with the value of around 3,000 m?/m3. The
advantages of this module are cost effectiveness and resistance to high pressure operation
(over 100 bars) [103]. The advantages of the module are high tendency to fouling and
difficulty in cleaning and maintaining. In a tubular membrane module, the module is a tube
type module that houses pressure-tight tubes. The diameters of tubular membrane very
between 10-25 mm. The advantages of this module are the high effective area, low
tendency to fouling, and being easy to clean; but its disadvantages are high operation cost
and low packing density with the value of about 300 m?/md. In the spiral wound membrane
module, the flat sheet membrane, feed and permeate channel spacers, and the porous
membrane support are enveloped and rolled around a perforated central collection tube,
and placed into an outer tubular pressure tube. The feed solution axially flows through the
feed channel across the membrane surface. The receiving liquid passes through the
permeate channel and receives the permeate and is collected in the perforated central
collection tube. This module has acceptable energy consumption and good packing density
with the value of 300-1,000 m?/m3. However, the module is quite sensitive to fouling. Some

samples of MD membrane modules are shown in Figure 2.13.
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Figure 2.13 Membrane modules a) plate and frame, and b) hollow fiber.

2.1.6.2 The Characteristics of Membrane for MD. In  general, hydrophobic
porous membrane is employed for MD to prevent membrane wetting and get as high flux
as possible. However, there are other characteristics of the membrane that should be
considered to achieve the highest efficiency.

Liquid entry pressure (LEP) is defined as the minimum transmembrane pressure
that is required for a pure water or other aqueous solutions to enter into dry membrane
pores, by overcoming the force inside the pores, and should be as high as possible [50, 51].
A high LEP can be met by using the materials that have low surface energy, high surface
tension, large contact angle, and small maximum pore size. However, the small pore size
comes along with the low membrane permeability that results in the low productivity.
Therefore, to get the highest permeate flux, an appropriate pore size and pore size
distribution must be selected to simultaneously obtain high LEP and high permeability. On
the basis of the Laplace equation, Franken et al. [104] proposed the LEP equation as

follows;
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2By, cos© (2.15)

rmax

LEP, = —

where S is a geometric pore coefficient determined by the pore structure (equal to 1 for
cylindrical pore), y. is the liquid surface tension, © is the liquid/solid contact angle, and
I'max IS the maximum pore size.

Membrane thickness is an important characteristic that directly influences the
permeate flux; as the membrane thickness increases, the mass transfer resistance arises,
and the permeate flux declines. Therefore, the thickness of the MD membrane should be
as thin as possible. Lagana et al. [68] suggested that the optimum thickness of the
membrane should be between 30 — 60 um. However, thickness of the membrane also
affects heat transport through the membrane. The thinner membrane causes a higher heat
loss, lower driving force, and consequently the reduction of flux product. Then, a
compromise between the heat transfer and mass transfer resistance should be made to
maximize the permeate flux by choosing the proper thickness [50].

Thermal conductivity of the MD membrane must be as low as possible to reduce
heat loss as much as possible [49]. The thermal conductivity can be reduced by using a
membrane with high porosities because the gases entrapped in the pores have the lower
conductive heat transfer coefficient by an order of magnitude, compared to that of the used
membrane materials [50]. In addition, the reduction of membrane conductivity can be made
by increasing the heat transfer resistance using bi-layered or multi-layered composite
porous membranes with hydrophobic and hydrophilic materials. A very thin hydrophobic

layer at the feed side promotes high vapor permeability, while a thick supporting
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hydrophilic layer at the permeate side enhances heat resistance and prevent the rupture of
the membrane [50].

Mean pore size and pore size distribution are the characteristics used to calculate
vapor flux and vapor transport coefficient. Membranes used in MD process with pore sizes
between 100 nm and 1 pum have been reported [59, 103]. In general, a membrane with large
pore size is needed for MD to obtain the high permeability and high flux product. On the
other hand, the small pore size membrane is necessary to get the high value of LEP to
prevent membrane wetting. Therefore, a proper pore size membrane should be chosen to
maintain the maximum flux. In fact, the membranes for MD demonstrate a pore size
distribution instead of the uniform pore size. However, in general, the mean pore size is
used to calculate the mass transfer coefficient rather than the pore size distribution. In this
case, Khayet et al. [57] suggested that the calculation must be carefully done, while
Martinez et al. [105] obtained a similar result when both values were employed.

Membrane porosity and tortuosity of the membrane are important for mass and heat
transfer in MD. Membranes with high porosity provide the large space for vapor
evaporation and low conductive heat loss. Therefore, such a membrane gives the high
permeate flux [47, 50, 106]. Porosity is defined as the ratio between pore volume and the
total volume of the membrane. According to Onsekizoglu [49], the porosity of MD
membranes lines in the range of 65-85%. The porosity (g) can be calculated by using

Smolder-Franken’s equation [107].
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P (2.16)

where m and pp are the densities of membrane and polymer material, respectively.

Tortuosity (t ) is defined as the deviation of the pore structure from the straight cylindrical
pores to the membrane surface [50] or the average length of the pores [49]. High tortuosity
refers to the high diffusion path of the vapor molecules, and then low permeability rate and
results in low vapor flux. The most successful correlation was given by Srisurichan et al.

[72].

(2 —¢)? (2.17)
T=——
&

High temperature stability and chemical stability are the characteristics that are
necessary for MD membranes. In many applications of MD, the membranes have to
encounter with high temperature or high concentrated solution conditions. Long-term, the
membranes may not be able to resist to these harsh conditions, and consequently fail to
degrade or decompose [9]. Therefore, the temperature and chemical stability of the
membrane materials for the fabrication of MD membranes should be carefully considered

to have the proper membranes for each application of MD.

2.1.6.3 Membrane Materials and Membrane Fabrication. Membranes for MD
must be hydrophobic materials by nature. Much more attention has been paid on polymeric
materials due to the practical possibility to modify their intrinsic properties. The most

common polymeric materials employed to fabricate the MD membrane are
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polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidenefluroride (PVDF),

due to their low surface energy [49] (as listed in Table 2.2).

Table 2.2 Surface Energy and Thermal Conductivity of the Polymeric Materials

Polymer Surface energy (x 103 N/m)  Thermal conductivity (Wm=1K?)

PTFE 9-20,19.1 ~0.25

PVDF 30.3 ~0.19
PP 29, 30.0 ~0.17
PE 31,332 -

Source: [37, 49, 51]

As mentioned in the previous section, the membrane should have surface energy
and thermal conductivity as low as possible. Among these materials, PTFE exhibits good
chemical and thermal stability, the most hydrophobic polymer that is suitable for
membrane fabrication, but its disadvantages are high thermal conductivity and difficulty
of membrane processing. PP has good chemical, thermal resistance, and the lowest thermal
conductivity [65], and PP membrane provides the highest permeate flux [108]. PVDF has
good chemical, thermal resistance, mechanical strength, and moderate permeate product.
However, it has the highest surface energy that PVDF membrane is prone to have the
highest wettability. In addition, other polymers and copolymers such as polystyrene (PS)
and polyethersulfone (PES), polyethane-co-chlorotrifluoroethene (ECTFE), polyvinylidene
fluoride-co-tetrafluoroethylene (PVDF-co-TFE), polyvinylidene fluoride-co-
chlorotrifluoroethene (PVDF-co-CTFE), and polytetrafluoroethylene-co-
hexafluoropropylene (FEP) have been used for MD as well [42].

There are several methods for producing membrane from polymeric materials,

including sintering, track-etching, template leaching, stretching, phase inversion, and
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electrospinning. However, since the first three methods produce relatively low porous
membranes, only the last three methods will be explained in this review.

Stretching is a popular technique without any solvent to fabricate microporous
membranes used in MF and UF including MD. In this technique, the desired polymer is
heated above the melting point and extruded into the thin sheet shape that will be stretched
in order to make the pores [109, 110]. Although this technique is suitable for the highly
crystalline polymers, semi-crystalline polymers such as PTFE and PP can employ the
technique [42]. Normally, there are two steps in stretching; starting with cold stretching
followed by hot stretching. Cold stretching in the same direction of the extrusion is used to
initiate the micropores in the original film, while hot stretching is perpendicularly applied
to the film to increase and control the desired pore structure of the membranes [111].
Stretching technique is widely used to produce the membrane commercially [112].

Unlike stretching technique, phase inversion uses solvents as a main component in
the process. The process is based on the transition from a liquid phase to a solid phase [42].
The homogeneous polymer liquid mixture is transformed in a controlled condition to a
solid state. The transformation can be achieved in different ways, namely: immersion
precipitation, thermally induced phase separation, evaporation-induced phase separation,
and vapor-induced phase separation. However, it is worth nothing that, among these
methods, only the first two are commonly used to fabricate the polymeric membranes with
the different morphologies [113]. The details of these methods can be seen in the literature
[111]. The limitation of this technique is that only dissolved polymers are suitable to

fabricate the membranes.
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Electrospinning is a relatively novel technique to fabricate the porous membranes
with polymeric nanofibers [114, 115]. The electrospinning process is composed of a
metallic syringe, a high voltage power supply and a ground collector [42]. In the process,
the polymer solution in the syringes is pumped through the needle tips and the polymeric
droplets are formed. A high voltage is applied between the needle tips and the collector to
overcome the surface tension of the droplet. When the surface tension is overcome, a
charged fiber jet is formed. After the solvent evaporates, a solid polymeric fiber is formed
and randomly deposited on the grounded collector; this results in the creation of the fibrous
structure. Electrospinning can produce the porous membranes with high porosity,
interconnected open pore structure that provides high permeate flux and high energy
efficiency. However, with high porosity and open pores, the salt retention is an issue for
this kind of membrane. In addition, to produce the membrane with the maximum pore size,
the sufficiently small fiber diameters are required, while this is still a limitation of the

technology [42].

2.2 Applications of Membrane Distillation
Membrane distillation was introduced and patented for the first time in 1963 by Bodell and
intentionally used to distill saline water [116]. Since the beginning of the 1980s, MD
process has been receiving much attention and mainly used for producing pure water from
seawater, but it has also been applied for other applications [37, 65, 117] at the laboratory
scale. In this section, the applications of MD will be reviewed by dividing into two main

applications: water purification and other separations.
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2.2.1 Water Purification

In principle, membrane distillation has high rejection for non-volatile dissolved compounds
or salts almost 100 % and lower membrane fouling, compared to pressure-driven
membrane processes such as RO or other filtration techniques [42]. Shirazi et al. [36]
employed DCMD to desalting seawater and achieved the salt rejection of
99.99%.Therefore, MD has been mainly used for desalting seawater or desalination [92,
108].

Investigations were carried out to measure the efficiency of various types of
membrane and membrane materials through different MD configurations for desalination,
except SGMD. Zu et al. [118] employed PTFE hollow fiber membranes with different
degree of stretching for desalting saline water via VMD. The results showed that all
membranes achieved 99.9% salt rejection. Alsalhy et al. [119], used PP hollow fiber
membrane for highly saline water desalination. They reported that 99.99 % salt rejection
and very low conductivity of the permeate were obtained by VMD. PVDF membranes were
also applied for desalination. Flat-sheet PVDF membrane used in MD via DCMD and
VMD was reported by Fan and Peng [120]. They found that the permeate flux was as high
as 18.9 kg/m? h with 99.8% NaCl rejection through DCMD, whilst the flux of 22.4 kg/m?
h and 99.9% salt rejection were achieved via VMD. Mix polymer materials such PVDE-
PTFE can be used to fabricate the membrane for MD. Teoh and Chung [121] fabricated
hydrophobic polyvinylidene fluoride—polytetrafluoroethylene (PVDF-PTFE) hollow fiber
membranes to use for desalination through DCMD. The results showed that the separation
performance of 40.4 kg/m? h of the permeate flux and the salt rejection of 99.8% were

attained at the feed temperature of 80 °C. A PVDF membrane fabricated via electrospinning
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technique was tested, compared to a commercial PTFE membrane through AGMD [122].
They claimed that the performance in terms of flux of the fabricated membrane was higher
than that of PTFE membrane and the salt rejection efficiency of 99.8% was obtained by
this membrane.

The effects of the operating parameters have often been examined in MD studies.
In general, feed temperature, feed flow rate, and feed concentrations are the main
parameters in DCMD, AGMD, and VMD configurations [120, 123-125]. However, other
operating parameters have also been investigated for each MD configuration. Safavi and
Mohammadi applied VMD for desalting salinity water [124]. They found that an increase
in vacuum pressure or reduction in pressure at permeate side directly increased VMD
performance in all conditions. Pangarkara and Sane [91]Jused AGMD for desalination of
ground water and seawater. They reported that decrease in air gap thickness from 3.2 mm.
to 1.2 mm. resulted in flux increment from ~7 to ~13 kg/m? h and from ~12 to ~24 kg/m?
h for seawater and ground water, respectively.

RO works well with moderate saline water as brackish water (10,000 ppm) and
operating pressure of 4.5 MPa [126]. Unlike RO, MD can efficiently deal with high salt
concentrations. Alkhudhiri et al. employed AGMD to treat high salinity solutions of NaCl,
MgCl,, Na2CO3z, and Na2SOs. The concentration of 4000 ppm up to 180,000 ppm of NaCl
was investigated and the results showed that although, the permeate flux decreased with an
increase in salt concentration, the flux quite kept constant over 5 h running at the
concentration of 180, 000 ppm [127]. Safavi and Mohammadi used VMD to desalt NaCl
solution with highest concentration of 300, 000 ppm. They found that salt concentration

had a higher influence on the permeate flux than feed temperature and feed flow rate.
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However, the result of the permeate flux versus operating time as the function of feed
concentration was not showed in this study [124]. MD was also applied to treat other high
salinity wastewaters such as produced water [128] and landfill leachate [129]. What’s
more, MD is also used to handle the high salt solution from outlets of other systems such
as RO, as a complementary process [130-132].

Since MD can be functioned at low temperatures, different low grade energies—
such as heat waste, geothermal energy, and solar power—have been utilized as MD heat
sources [43-45, 133-137]. Many MD pilot projects have been investigated and evaluated
for their potentials in water treatment. Dow et al. used waste heat from a gas fired power
station to operate the MD pilot plant. The plant achieved 92.8% water recovery with more
than 99.8 % total dissolved solid rejections. This plant was estimated that it can produce
about 8,000 KL of clean water per day and this amount of water can practically supply
water to numerous industrial, residential or agricultural sites [43]. EI Amali et al. employed
DCMD and AGMD to desalt geothermal water; the obtained flux from the system was up
to 3-5 kg/m? h with the salt rejection of 97%. The authors stated that AGMD is more
suitable for geothermal desalination due to the lower energy requirement [136]. Guillén-
Burrieza et al. applied the AGMD pilot system using solar energy as a heat source. The
temperature up to 85 °C was set to operate the system and the maximum flux of 7 L/m? h
was obtained from this system. Nevertheless, inefficiencies to scaling-up MD coupling
with transient solar thermal energy that found in laboratories reported was still reported in
this study [137]. MD may play the important role in arid and semi-arid remote area that

lack of drinkable water, but are often abundant with a high solar intensity. A stand-alone
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MD system with solar power has the potential for the desalination of brackish water from
wells or seawater and provides sufficient clean potable water for the community [138].
MD has also played a part in wastewater treatment. Criscuoli et al. used VMD to
treat the dye solution [139]. They claimed that 100% dye rejection was achieved, and pure
water was recovered at the permeate side for all operating parameters. Whereas,
Mokhtar et al. employ DCMD to treat the effluent from rubber processing [140], with
results showing that DCMD can remove at least 96% of organic carbon (TOC), total
dissolved solid (TDS), sulphate, color, turbidity and conductivity. However, flux decline
still occurred due to temperature polarization, concentration polarization and membrane
fouling. Khayet et al. also used DCMD for humic acid treatment [141]. They reached the
conclusion that DCMD was more adequate for the treatment of humic acid solutions than
the pressure-driven separation processes due to lower membrane fouling. Lui and Wang
[142] applied DCMD for treatment of low radioactive wastewater, and reported that
DCMD can separate almost all Cs*, Sr?* and Co?* from wastewater and the permeate flux
could be maintained about 60% of the initial flux, even though high salt concentration was
used as feed solution. Wu et al. tested the performance of DCMD by treating fermentation
wastewater with high organic concentrations [143]. The organic rejection was found to be
95%, while the permeate flux decreased with operating time due to membrane fouling.
After 12 h of operation, the feed wastewater was concentrated by a factor of 3.7 on a
volumetric basis and the protein concentration in the feed was increased by about 3.5 times,

which is suitable for reutilization.
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2.2.2 Other Applications

MD has not only been used for desalination and wastewater treatment, it has also been
applied for other purposes such as solution concentrating, chemical recovery, and mixed
solution separation.

Concentration process is a key unit in food processing. MD has been employed to
dewatering aqueous solutions, due to the fact that the MD can remove water even if at a
low temperature that does not deteriorate and change the color, flavor, and nutritional
characteristics of food and consumes less energy at the same time [49]. Gunko et al.
employed DCMD for apple juice concentrating [70]. The results showed that DCMD can
concentrate the apple juice with 50% of solid content obtained when the permeate flux
reached about 9 L/m? h. The solid content can get to 60-65% with further operation, yet
this resulted in the reduction of permeate flux due to an increase in the feed concentration.
Hausmann et al. applied DCMD to concentrate skim milk and whey [144]. The results
showed that MD has potential to dewater from the products with more than 99% rejection
of all dairy components. The dry matter of these two products was reached 20% with the
permeate flux of about 12 and 20 kg/m? h for skim milk and whey, respectively. In addition,
MD can be used for concentration or recovery of other solutions. EI-Abbassi
et al. used DCMD to concentrate polyphenols from olive mill wastewater (OMW) [145].
The results showed that PTFE membrane provided a better separation coefficient (99%)
than PVDF membrane (89%), while the OMW concentration factor was 1.72 and 1.4 for
PTFE and PVDF membrane, respectively.

Chemical recovery or separation from aqueous solution is one of several

applications of MD. Madhumala et al. used MD to recover hydrochloric acid (HCI) from
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aqueous solutions in chloralkali and chemical process industries [146]. The feed solution
was 32.8 wt.% of aqueous HCI with color forming Fe compounds and heavy hydrocarbon
(Co—Cu14) impurities. The results showed that colorless agqueous permeate with 33 wt.% of
HCI and negligible impurity levels was obtained at a high flux. Gupta et al. applied SGMD
with carbon nanotube immobilized membrane (CNIM) to remove isopropanol (IPA) in
IPA-water mixture [147]. The enhancement in separation factor was 350% at 70 °C and
mass transfer coefficient was increased by 132% for CNIM, compared to the original
membrane. Xie et al. also used SGMD, but for ammonia removal [90]. The feed solution
contained 100 mg/L of ammonia and the best performance obtained at the highest
temperature and the fastest permeate gas flow rate was 97% ammonia removal that made
the treated water containing only 3.3 mg/L of ammonia. Banat and Al-Shannag succeeded
in recovery of acetone-butanol-ethanol (ABE) from aqueous solution via MD [148]. They
also found that butanol could be separated with the highest selectivity and flux, though it
has the highest boiling point. With the different volatility of the chemicals, MD can also
be applied to separate a chemical from a mixture. Tomaszewska and Mientka employed
MD to separate HCI from a mixture of HCI and sulphuric acid (H2SOa) [149]. HCl is a
volatile compound, while H2SO4 remained in the mixture, so HCI can be separated from
this mixture by MD. At higher concentration of both acids, HCI was removed from the
mixture under the process conditions. From the experiments, the HCI flux significantly
increased with an increase in the temperature.

MD can be used not only as a stand-alone system, but it also with other membrane
techniques such as FO or RO as a hybrid system. Zhang et al. used a hybrid system of FO

and MD to recover water from oily wastewater [41]. They stated that at least 90% water
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recovery could be achieved and oil and salt were almost rejected by the hybrid system.
Wang et al. employed the same hybrid system to concentrate the protein solution [150].
The results showed that the hybrid system is stable in continuous operation and is
promising for the concentration of pharmaceuticals/protein solutions in the future. MD
along with crystallizer called membrane distillation crystallization (MDC) can be used to
produce salt crystals [151]. In the system, MD is used to dewater in order to generate the

supersaturation in crystallizer where the salt crystals are produced by precipitation.

2.3 Approaches to Enhance the Performance of MD
Although the MD system showed several merits in water purification and other separation,
the system has some demerits. One of the disadvantages of MD is that there are no the
modules and specific membranes for MD available in the market. However, a major
disadvantage of MD for competition with other techniques used in industrial sector is the
low permeate flux [49]. A variety of methods have been developed to enhance the permeate
flux of MD. The approaches may be divided into two main categories: process modification

and membrane improvement.

2.3.1 Process Modification

Various methods have been adopted to modify the MD process in order to enhance the
performance of the system. Techniques such as microwave irradiation, ultrasonic
irradiation, turbulence promoters, and air bubbling have been employed to improve the
permeate flux and the different mechanisms were proposed to support the enhancement of

flux.
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Microwave, the electromagnetic wave, has been widely applied in water treatment
and wastewater treatment [152, 153], including MD. Ji et al. investigated the application
of microwave to VMD to desalt NaCl solution [154]. The experimental setup was designed
by placing the MD module in the microwave cavity. They reported that microwave
irradiation could successfully bring uniform heating in the radial direction of the membrane
module and significantly enhance the permeate flux in VMD. The maximum mass transfer
coefficient increased about 27.7% at the temperature 60 °C. The proposed mechanism was
that, with the high dielectric constant of water, the microwave can be used to break the
hydrogen bond of water-water and water-salt clusters which accelerate the escape of
molecules from the bulk solution. Roy et al. presented the results of microwave-induced
membrane distillation (MIMD) where microwave radiation was used as a heat source for
DCMD [155]. The results showed that the flux enhancement for MIMD was 52% higher
than that of conventional heating, while the mass transfer coefficient of MIMD was nearly
99% higher than what was observed under conventional heating. They claimed that the
enhancement in MIMD was due to non-thermal effects such as the generation of
nanobubbles, localized superheating, and breaking down of the hydrogen-bonded salt—
water clusters. Microwave was also applied to reduce the scaling in MD and the decrease
of flux. Humoud et al. investigated the scaling reduction of high concentration of CaCOs,
CaSO0g4, and BaSO4 solutions in MIMD on carbon nanotube immobilized membrane [156].
Their experimental setup is illustrated in Figure 2.14. The results indicated that the salt
deposition on the membrane for MIMD was 50-79% less that of the conventional heating.
They concluded that MIMD not only provided a higher flux, but also significantly reduced

fouling with the inorganic scalants.
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Ultrasonic irradiation has been used to enhance the performance of MD [157, 158].
Two main mechanisms of ultrasonic technique, namely ultrasonic cavitation and acoustic
streaming, were proposed for the enhancement of permeate flux [159]. Acoustically excited
bubble break-ups was attributed to the ultrasonic cavitation. The bubble break—ups
generated the hydraulic pressure impulses that led to increase in the vapor partial pressure
in feed side, while the vapor pressure in permeate side kept constant and resulted in the
permeate flux enhancement. Acoustic streaming is an averaged jet stream that resulted
from acoustical fluctuations nearby the membrane surface. The streaming induced feed
flow turbulence near the membrane surface which reduced temperature polarization and
concentration polarization and led to flux enhancement. With different mechanical effects
generated from ultrasonic, this technique has also been applied to mitigate the membrane
fouling in MD [160]. Hou et al. employed ultrasonic irradiation to control the membrane
fouling from silica scaling [161]. The results demonstrated that the permeate flux was
stable and enhanced by 43% with ultrasonic irradiation. They explained that the continuous
liqguid-membrane interface stimulation was ascribed to microstreaming, shock wave, and
acoustic vortex streaming; this effectively kept the membrane clean and consequently

fouling was controlled.
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Figure 2.14 Experimental setup of MIMD in the reduction of scaling.
Source: [156]

Several concepts have been introduced to MD module modification in order to
obtain the flux enhancement. Channel spacer, a turbulence promoter, is one of the concepts
used to improve the performance of MD [162-166]. Martinez-Diez et al. reported that the
permeate flux was increased, when spacer or screen separator was placed in a flat
membrane module [162]. The heat transfer coefficient for heat and mass transfer equation
indicated that there was the appearance of turbulences in liquid/vapor interface when the
channel spacer was used. Phattaranawik et al. used the spacer-filled channels in DCMD
[163]. They found that, with spacer-filled channels, the permeate flux was enhanced by 31-
41% higher than without spacers. The results from calculation indicated that the
temperature polarization coefficients were considerably increased when the spacer was
filled in the channel. This is in line with the previous study. Shakiab et al. used

computational fluid dynamics simulations to investigate the effect of spacer orientation on
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the temperature polarization in MD [166]. The results showed that the orientation of spacer
affected the temperature polarization and heat transfer rate. For instance, when spacer
filaments touched the top or bottom surfaces of a membrane, the temperature polarization
is high which results in low heat transfer rates. Whereas these filaments are detached from
the membrane, temperature polarization is lower. In addition to the spacer, other turbulence
promoters such as baffles and modification of membrane geometries have been tested to
improve the permeate flux [167]. Teoh et al. employed different hollow fiber membrane
modules with baffles and modified hollow fiber geometries in MD. They found that the
permeate flux was significantly enhanced with baffles, which could increase the heat
transfer coefficients from 2600 W/(m? K) for the unbaffled module to 3150 and 3750
W/(m? K) for the window and helical baffles, and suppressed the temperature polarization
in the module. Meanwhile, the application of hollow fiber membrane configurations with
wavy geometries (namely twisted and braided modules) provided permeate flux as high as
36% without any external turbulent promoter.

Air or gas bubbling is a technique applied in MD [168-173]. Chen et al.
incorporated gas bubbling into DCMD to investigate its effect on the MD performance
[168]. They reported that the gas bubbling not only enhanced the permeate flux by 26%,
but also delayed the formation of salt deposition that resulted in the procrastination of flux
decline, compared to the module with spacers. This was due to intensified local mixing and
physical flow turbulence in the liquid boundary layer on the feed side. Wu et al. studied
the effects of air bubbling on the performance of VMD and the heat and mass transfer
[171]. The results showed that the air-bubbling method clearly improved the performance

of VMD with an enhanced flux of about double. The study also showed that altered flow
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pattern with air-bubbling was the key factor affecting the mass and heat transfer
efficiencies. With the modeling study, the result indicated that temperature polarization
coefficient (TPC) and concentration polarization coefficient (CPC) in VMD process were
greatly affected by flow patterns. Warsinger et al. carried out the experiment by
incorporating air recharging and superhydrophobic membrane to study the mechanism for
preventing fouling in membrane distillation [172]. The effect of maintaining air layers on
the surface of superhydrophobic membrane on membrane fouling was studied. The
mechanism of fouling prevention was proposed that the air layers may replace fouling gels,
decrease the area of feed in contact with the membrane, lower foulant adhesion, and

improve superhydrophobicity of the membrane.

2.3.2 Membrane Improvement

Membrane substantially influences mass and heat transfer phenomena in MD and directly
indicated the performance of the system. Therefore, membrane improvement has
continuously received attention from researchers in this field. Hydrophobicity of the
membranes have been improved by novel hydrophobic materials and surface medication

methods. These developments have stimulated the significant growth in MD field.

2.3.2.1 Novel Hydrophobic Materials for Membrane Fabrication. Novel hydro-
phobic membranes have been synthesized by a copolymer between the soluble PVDF and
the highly hydrophobic PTFE. The advantages of this copolymer are well solubility in
common solvents and high hydrophobicity and tensile strength. Moreover, the copolymer
is also appropriate to make microporous hydrophobic membranes for MD via different
processes. Polyethane-co-chlorotrifluoroethene was used to fabricate flat sheet and hollow

fiber membranes [174, 175]. The result showed that the ECTFC flat sheet membrane had
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excellent hydrophobicity [174], high permeate flux, and high salt rejection including
exceptional anti-fouling properties, while the ECTFE hollow fiber membrane had as high as
97% of salt rejection and the lower intensity of pore wetting compared to PVDF membrane
[175]. Feng et al. applied polyvinylidene fluoride-co-tetrafluoroethylene to make flat sheet
membrane for DCMD [176]. They reported that the PVDF-co-TFE membrane exhibited the
high contact angle and high permeate flux over the PVDF membrane. Zheng et al. fabricated
the hydrophobic flat sheet membranes wusing polyvinylidene fluoride-co-
chlorotrifluoroethene via the non-solvent induced phase separation (NIPS) process for
membrane distillation (MD) and studied the effect of LiCl-based mixed additives on the
membrane properties [177]. They found that the mixture of PEG and LiCl with the ratio of
1:1 showed optimal properties and MD performance for combining the structure of higher
hydrophobicity and pore interconnectivity, small pore size, and narrow pore size distribution.

Copolymers mixed with other hydrophobic materials such as CNTs have been
utilized to prepare the MD membrane. To gain additional mechanical and hydrophobic
properties, Tijing et al. employed polyvinylidene fluoride-co-hexafluoropropylene (PcH)
mixed with 1-5wt% of CNTSs to fabricate the membrane via electrospinning process [178].
The mixed matrix membranes demonstrated highly-porous structure, comparable pore sizes
with a commercial flat-sheet PVDF, higher porosity (>85%), higher flux with 33-35%
enhancement. They claimed that their nanofiber membranes containing CNTs with one-step
electrospinning fabrication had high potential for DCMD desalination application.

Sole CNTs have also been employed to fabricate membranes for MD. Dumee et al.
used CNTSs to make the self-supporting carbon nanotube (CNT) Bucky-Papers for DCMD

[179]. The self-supporting carbon nanotube (CNT) Bucky-Papers membranes exhibited

48



highly hydrophobic with contact angle of 113°, 90% porosity, and provided a flux rate of
~12 kg/m? h at a water vapor partial pressure difference of 22.7 kPa with 99% salt
rejection.
2.3.2.2 Surface Modification. Diverse membrane modification techniques with
hydrophilic polymers and other materials such as carbon-based materials have been applied
to alter the properties of membrane surface for MD. The examples of these methods—
namely chemical modification, plasma technology, surface modifying macromolecules,
and immobilization of carbon-based materials—will be reviewed in this section.
Chemical membrane modification is the method that chemically coats the
hydrophobic materials on the polymer base which is hydrophilic or hydrophobic polymers.
A spin coating method was adopted to coat hydrophobic styrene-butadiene rubber on
polyamide membranes. The modified membrane provided the flux as high as 5-17 kg/m? h
with 99.9% salt rejection [180]. Yang et al. employed perfluoropolyether to modify a
PVDF hollow fiber membrane for DCMD [181]. The modified membrane displayed higher
hydrophobicity and mechanical strength; smaller maximum pore sizes and narrower pore
size distributions led to more sustainable fluxes and higher water quality (distillate
conductivity < 1 uS cm™). Razmjou et al. modified the PVDF porous membrane by
depositing TiO2 nanoparticles via a low temperature hydrothermal (LTH) process, and
then coating by a low surface energy material H, 1H, 2H, 2H-
perfluorododecyltrichlorosilane [182]. The liquid entry pressure (LEP) and water contact
angle of the modified membrane were increased from 120 kPa and 125° to 190 kPa and
166°, respectively. Although the results showed that the pure water flux of the modified

membrane was lower than that of the virgin membrane particularly at higher temperatures;
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the ability for salt rejection of the modified membrane was found to be higher over the
period of the experiment.

Hydrophobic polymer layers can simply be coated on the polymeric surfaces via
the plasma spray process. A hydrophobic polymer material in the form of powder is
injected into a plasma flame, where it is rapidly heated and accelerated to a high velocity
and spread on the membrane surface. Vinyltrimethylsilicon/tetrafluoro- methane mixture
was used to coat a cellulose nitrate (CA) via plasma technique under medium vacuum
pressure [183]. The modified hydrophilic membrane exhibited the hydrophobic property
with water contact angles of 120° and salt rejection of 96.4%. The flat sheet and the hollow
fiber hydrophilic polyethersulfone membranes displayed the higher contact angle of 120°
and 144°, after they were coated with tetrafluoromethane via high vacuum plasma
modification [184, 185], and there was no leakage during DCMD operation.

Fluorinated surface modifying macromolecule was used to hydrophobize the
membrane via the phase inversion process. The molecules can be mixed with hydrophilic
polymers such as polyetherimide (PEI) [186] and polysulfone (PSU) [187]. In the
fabrication process, the macromolecules move to the membrane surface to minimize the
surface tension and form the hydrophobic layer. Essalhi and Khayet tested this composite
porous hydrophobic/hydrophilic membrane with DCMD and AGMD [186]. They reported
that this membrane was more suitable for DCMD than AGMD for desalination. The results
showed that the permeate flux of DCMD was 2.7-3.3 times higher than that of the AGMD,
while the permeate flux of AGMD was 14.9 kg/m? h with salt rejection of higher than

99.4%.
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Carbon-based materials such as CNTs, GO and their derivatives have been
employed to modify the MD membranes for desalination and other separations. Carbon
nanotubes exhibit hydrophobic property in nature, which is suitable for the
hydrophobization of the membrane for MD. In addition, these materials have a high
specific surface area (SSA), rich porous structure and high sorption capability [188]. Roy
et al. immobilized carbon nanotube immobilized membrane (CNIM) on the porous
polypropylene membrane for desalination using DCMD [189]. They reported that the
permeate flux for CNIM was as high as 36.8 kg/m? h at 70 °C, which was 51.5% higher
than the original PP membrane at salt concentration of 10,000 ppm of feed solution, and
the salt rejection was greater than 99.9% at the same salt concentration. For CNIMs,
the mechanisms for flux enhancement in desalination were adsorption-desorption of water
vapor on CNT surface and water vapor interaction with polar functional groups, resulting
in activated diffusion, and membrane hydrophobicity enhancement by the hydrophobic
polymer binder (as illustrated in Figure 2.15). Bhadra et al. made the bilayered structure
carbon nanotube (CNT) immobilized membrane for DCMD desalination [190]. The PTFE
membrane was coated with CNTs functionalized with a hydrophobic octadecyl amine
group on the feed side, while carboxylated CNTs was immobilized on the permeate side of
the membrane. These immobilization improved the hydrophobicity on the feed side to
provide higher water vapor permeation and turned the permeate side to more hydrophilic
to facilitate the condensation of water vapor. They reported that the flux from the bilayered
structure membrane was as high as 121 kg/m? h at 80 °C, which was an enhancement of
70% over the unmodified membrane. Bhadra et al. also developed the immobilized

graphene oxide on the PTFE membrane [191]. The water vapor flux was found to be as
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high as 97 kg/m? h at 80 °C with complete salt rejection. They proposed that the
enhancement in flux was attributed to multiple factors, including selective sorption,
nanocapillary effect, reduction in temperature polarization as well as the presence of polar
functional groups in graphene oxide. In addition to desalination, the carbon-based
nanomaterials immobilized membranes have also been applied for solvent separation.
Gupta et al. applied the CNIM to remove isopropanol (IPA) from its aqueous solution by
SGMD [147]. The modified membrane provided the higher selectivity and mass transfer
coefficient than the corresponding unmodified PTFE membrane. The maximum
enhancement in a separation factor was 350% at 70 °C and a mass transfer coefficient was
132% at a feed flow rate of 42 mL/min. In addition, Gethard et al. utilized CNIM to
simultaneously concentrate pharmaceutical waste and generate pure water [192]. They
claimed that the performance of CNIM was highly superior to the pristine membrane with

greater enrichment factor of 421% and mass transfer coefficients of 543%.
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CHAPTER 3

IMMOBILIZATION OF GRAPHENE OXIDE ON PERMEATE SIDE OF
A MEMBRANE DISTILLATION MEMBRANE TO ENHANCE FLUX

3.1 Introduction

The demand for clean water has considerably increased around the world and is becoming
a critical issue due to increasing population and growing industrialization [193]. The
consumption in industrial sector alone was up by more than 200% in 2015 compared to
1995 [194]. The amount of freshwater in the world is limited and much of it is polluted,
consequently brackish or sea water are attractive sources of pure water [36]. However,
energy efficient, cost effective desalination processes are important for that to happen.
There are two most popular techniques for desalination namely reverse osmosis (RO) and
multi-stage flash (MSF) distillation [16, 195]. While these are well established techniques
that have much merit, they face limitations such as high energy consumption, fouling and
high capital investment [196]. As a result, alternative desalination technologies including
solar evaporation and membrane distillation (MD) are being explored [16, 155].

In MD process, a hot feed is used to generate a vapor pressure gradient across the
porous hydrophobic membrane and the vapors are condensed in a cold permeate [189, 197,
198]. The process can be conducted at a relatively low temperature (50-90 °C), hence waste
heat, solar energy or geothermal energy can be utilized as heat sources for heating the brine
[43, 134, 199-201]. Other advantages include high rejection of the dissolved non-volatile
species, able to handle highly concentrated brine with less fouling, low operating pressure,
and less space requirement compared to MSF [9, 197, 202, 203]. However, MD still is

faced with some barriers such as relatively low water vapor flux in comparison with other
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conventional systems, flux reduction due to temperature and concentration polarization,
pore wetting and membrane fouling, and lack of high-efficiency membranes [103, 204].

Several hydrophobic polymers including polytetrafluoroethylene (PTFE),
polypropylene (PP), polyvinylidenedifluoride (PVDF) have been utilized as membrane
materials [47, 59, 198, 205] and different methods have been employed for the synthesis
and modification of these membranes to improve the performances [190, 206-217].
Nanotechnology has enabled the development of advanced membranes based separation
techniques [190, 203, 206, 208, 211, 213-216, 218-220]. Nanomaterials (NMs) such as
Fe30s, TiO2, SiO2, carbon nanotubes (CNTs), nanodiamonds (NDs) and graphene oxide
(GO) have been incorporated via blending or coating method to improve the membrane
efficiency [189-191, 203, 206, 214-216, 220-222], and different functionalized CNTs were
used to fabricate a bilayered structures that have shown significant enhancement in flux
[190]. Recently, GO has found a niche in membrane separations [223, 224]. The GO is
comprised of highly oxidized graphene sheet having various functional groups including
hydroxyl, carbonyl and epoxy groups on its surface. These functional groups minimize the
aggregation of GO in dispersion state, provide reaction moieties and make GO hydrophilic
[225]. Recent studies have shown that GO could potentially improve the mechanical
properties as well as selectivity, antifouling, and the permeate flux [214, 226-228].

In MD, membrane itself plays the crucial role in enhancing the flux and selectivity.
While most of the researches have focused on different membrane modifications [206, 209,
210, 212, 214, 228], our previous studies have shown that permeate side hydrophilization
of the membrane can improve the water vapor permeation rate significantly [202]. The

rapid water vapor removal from the permeate side boundary layer is one of the most
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important consideration in increasing the concentration gradient for enhanced mass
transfer. However, hydrophilization using strong oxidizing agents are quite hazardous and
tend to reduce the mechanical strength of the membrane. An approach that involves NM
modification by immobilizing hydrophilic NMs has the advantage of improving membrane
characteristics as well as easy adjustment. GO can be significantly hydrophilic with high
oxygen content and it is conceivable that the hydrophilicity of the permeate side can be
improved by incorporation of GO. In our previous study, the immobilization of the GO in
the feed side have shown significant enhancement in flux [191]. There, the GO was
instrumental in enhancing the partition coefficient and permeation of water vapor from the
feed side. In the present study, we present a complimentary approach where the GO is
immobilized on the permeate side. Here, the GO enhances the overall flux by providing
sites for condensation of the permeated water vapor, which facilitates the rapid removal of

water thus enhancing overall mass transport.

3.2 Materials and Methods

3.2.1 Materials

Sodium chloride (NaCl), acetone, GO sheet (42-52 % carbon), and polyvinylidene
difluoride (PVDF) powder (mol. wt.~500 K) were purchased from Sigma-Aldrich.
Deionized water was used in all experiments. The membrane used in the MD experiments
was flat composite PTFE membrane supported with polypropylene nonwoven fabric

(Advantec MFS, 129 um thick, 0.2 um pore size and 70% porosity).
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3.2.2 Experimental Procedure

MD experiments were conducted in the direct contact MD (DCMD) configuration. Figure
3.1 shows the schematic diagram of the MD system used in the laboratory. The system
consists of a DCMD cell and PTFE membrane with an effective contact area of 11.94 cm?.
The feed and permeate flow were regulated by peristaltic pumps (MasterFlex Easy Load,
Cole-Parmer, USA). The hot aqueous NaCl solution at different concentrations was passed
through the feed side of the membrane in the DCMD cell and the cold distilled water was
pumped through the permeate side of the membrane. Additional hot water was supplied to
the feed water reservoir throughout the experiment to maintain concentration constant. A
counter current flow mode was used for feed and permeate water flow through the module.
The constant temperature water bath (Neslab Water Bath Model GP 200, NESLAB
Instruments, Inc, Newington, NH, USA) was used to maintain constant feed temperature,
and the permeate temperature around 18°C was controlled by a bench top chiller
(Polyscience LS5, Cole-Parmer, USA). Temperatures of feed and permeate side were
monitored by temperature sensors (Four-channel Data Logging Thermometer, RS-232,
Cole-Parmer, USA). The experiment was repeated for three times and less than 1% relative

standard deviation was observed.

3.2.3 Fabrication of GOIM-P

In fabrication of the graphene oxide immobilized membrane on the permeate side (GOIM-
P), the uniform dispersion of GO in the organic solvent and immobilization of GO on the
membrane surfaces are considered most important steps during membrane fabrication. Ten
mg of GO was added to 8 gm of acetone and sonicated for ten hours to ensure uniform

dispersal of GO into the organic solvent. 0.2 mg of PVDF was separately dissolved in 2
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gm of acetone and the PVDF solution was finally mixed with GO suspension. The mixed
PVDF-GO suspension was then cast drop wise slowly and uniformly on the permeate side
of the membrane to immobilize the GO on the surface. After that, the immobilized
membrane was rinsed with extra acetone to remove excess PVDF from the membrane pores

and the surface.

3.2.4 Characterization of GOIM-P

A scanning electron microscopy (SEM, Model LEO 1530, Carl Zeiss SMT AG Company,
Oberkochen, Germany) was used to characterize the morphology of the fabricated GOIM-
P. The samples for SEM was prepared by cutting the membranes into a square of 0.5 cm X
0.5 cm, placing on a specimen stub followed by carbon coating. The GOIM-P was further
illustrated by Raman spectroscopy (Thermo Fisher DXR Raman microscope). The thermal
stability of GOIM-P was investigated by thermal gravitational analysis (PerkinElmer, TGA
8000). The contact angles measurements were wused to study the
hydrophobicity/hydrophilicity of the permeate surface using an Attension apparatus
(model Theta). The water drop method on dry membrane was employed and five

measurements were taken to obtain the average value.

3.3 Results and Discussion

3.3.1 GOIM-P Characterization
Figure 3.2a, b and ¢ show the SEM images of the unmodified PTFE membrane (feed side
and permeate side), and GOIM-P (permeate side), respectively. Figure 3.2a clarifies the

presence of active pores on the membrane feed surface. While Figure 3.2c demonstrates
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the change in morphology from Figure 3.2b due to the immobilization of the GO on the
permeate surface.

Raman spectra of the GOIM-P are shown in Figure 3.3. Prominent Raman peaks of
support polypropylene layer on the permeate side of the composite membrane were
observed at 800, 1500, 2700 and 3000 cm™ [229]. The presence of GO on the membrane
is shown at 1349 cm™ that could be ascribed to the graphite defect in the sp® domain via

oxidation and an additional peak at 1597 cm™* is due to stretching mode of graphite [230].
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Figure 3.1 Schematic diagram of the experimental set up for DCMD application.

The thermal stability is an important parameter for membranes used in MD as the
membranes must resist with high temperature salt solution. In this study, TGA curves were
used to evaluate the stability of GOIM-P in comparison with unmodified membrane as

shown in Figure 3.4. The weight loss at around 230 °C to 330 °C was due to the
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decomposition of PP as the supporting layer, while PTFE began to decompose at around
460-470 °C. It was observed that the presence of GO provided additional thermal stability
of the modified membrane. Increasing in the thermal stability of GOIM-P could be due to
GO particles and the functional groups on GO that play the role as a reducing and sacrificed
agent that lead to slow down or limit the degradation process [231]. The result is in line
with what have been reported previously [190, 217].

The hydrophobicity on the permeate surface of GOIM-P was determined by contact
angle analysis. After GO immobilization, the contact angle on the permeate side of the
modified membrane showed a decrease from 94° +2 to 75° + 2. Decreasing of contact angle
implied that the hydrophilicity on the permeate side of the GOIM-P increases by increasing
the surface energy and this was expected to enhance the membrane performances. The
contact angle values and photographs of permeate side of unmodified and GOIM-P are

shown in Figure 3.5.
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Figure 3.2 Scanning electron micrographs of a) feed side, b) permeate side of the
unmodified PTFE membrane, and c) GOIM-P (permeate side).
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Figure 3.5 Contact angle and photographs of permeate side of unmodified and
GOIM-P.

3.3.2 DCMD Performance of GOIM-P

The overall permeate flux, J, is expressed as:

Wo (3.1)

Jo = Ta
Where, Wp is the total mass collected from the permeate side, t is the run time and
A is the effective membrane area. Temperature, feed flow rate and salt concentration
were varied in the experiment to evaluate the performance of the GOIM-P, and of the
unmodified membrane.
The effect of temperature on permeate flux of the GOIM-P compared to the pristine
membrane is illustrated in Figure 3.6 a. It is clear from the figure that the fluxes

significantly increased with increase in temperature for both membranes. Increasing in
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vapor pressure with temperature plays the major role in flux increment [232]. It is clearly
seen that the GOIM-P produced higher amount of permeated water compared to the pristine
membrane. Maximum permeate flux was 64.5 kg/m?.h at feed temperature of 80°C, which
IS 15% higher compared to the pristine membrane.

The influence of increasing feed flow rate at a constant temperature of 60°C and
200 mL/min permeate flow rate is displayed in Figure 3.6 b. It was observed that the
permeate flux increased with increase in feed flow rate in both membranes and the GOIM-
P offered higher water vapor flux compared to the unmodified one. The increased feed flow
rate enhances the turbulence and reduces the boundary layer effect at the membrane-feed
solution interface. These results in the reduction of temperature polarization and improve
the permeate flux [37, 233].

Figure 3.6 ¢ shows the effect of varying salt concentrations in feed solution on
permeate flux. With increase in concentration, both membranes show a decrease in water
vapor flux as expected. The increase in feed salt concentration led to the reduction of the
water activity at the membrane-solution interface and the formation of additional boundary
layer directly affect the driving force across the membrane and reduces the water vapor
flux. Similar results have been reported before [234, 235]. As a result of increasing salt
concentration from 3400 to 34000 ppm, the permeate flux reduced from 29.7 to 24.3
kg/m?2.h and 33.9 to 26.8 kg/m?.h for the unmodified membrane and GOIM-P, respectively.
The conductivity of the permeated water did not change with varying salt concentrations

indicating complete rejection of the salt.
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3.3.3 Mass Transfer Coefficient

The overall, mass transfer coefficient can be described as:

Jw =k(Pr— B)
or k=—2»_ (3.1)
(Pf—Pp)

Where, Jw is the water vapor flux, k is mass transfer coefficient, Ps and P, are partial
vapor pressure of average feed and permeate temperatures. The mass transfer coefficients
were found to be higher for GOIM-P as compared to the unmodified membrane.

Table 3.1 summarizes the change in mass transfer coefficients of GOIM-P and the
unmodified membrane with varying feed flow rate at 60°C. Both membranes exhibited
increased mass transfer coefficient with increase in feed flow rate. The diffusion of the
water vapor through the boundary layers mainly controls the overall mass transfer rate of
the process. At higher feed flow rate, the turbulence increased that led to the reduction in
the boundary layer resistance and significantly increased the mass transfer coefficients.
Among these two membranes, GOIM-P exhibited higher mass transfer coefficient in

comparison with the pristine membrane.
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Table 3.1 Effect of Varying Feed Flow Rate on Mass Transfer Coefficient at 60°C

k (kg/m?.s.Pa) x1077
Feed flow rate (mL/min)

Unmodified Membrane GOIMP
50 33 3.7
100 4.1 4.5
150 4.5 5.1
200 5.6 6.2

3.3.4 Stability and Salt Breakthrough

The quality of permeate side water was carefully investigated to monitor the stability of
modified membrane and salt breakthrough. The stability of GOIM-P was tested for a long
period of operation as shown in Figure 3.7. The permeated water was monitored throughout
the experiment to ensure the quality of water by measuring the conductivity of the permeate
side water and using Raman spectroscopy [223, 236]. The results did not show any leakage

of salt through the membrane and the presence of GO in the permeate water samples.
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Figure 3.7 Stability of the membranes at a 70 °C feed temperature and 10,000
ppm of NaCl solution.
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3.4 Proposed Mechanism
The proposed mechanism in GOIM-P is shown in Figure 3.8. A significant enhancement
in water vapor flux was noticed with the inclusion of GO in the permeate side. The
hydrophilicity of the membrane permeate side was enhanced due to the presence of polar
epoxy, carboxyl and hydroxyl functional groups on GO that allows the water vapor to
interact with the modified permeate surface [237, 238]. In MD, the water vapor permeation
through the membrane is steered by the vapor pressure gradient present across the
membrane. A boundary layer compromising probably of both liquid and vapor phases is
formed on both side of the membrane. Although, the feed side layer remains unchanged in
GOIM-P, the hydrophilic surface permitted fast water vapor removal, destabilization of
vapor-gap and mass transfer resistance reduction between the bulk permeate and membrane
surface. These effects are equivalent to the contraction in permeate side boundary layer
[202, 239, 240], which led to an enhancement in water vapor permeation through the

membrane.

3.5 Conclusion
Graphene oxide was successfully immobilized on the permeate side of the PTFE membrane
to increase the pure water flux in direct contact membrane distillation. It was evident that
the introduction of hydrophilicity on the permeate side was effective in rapid condensation
and removal of the permeate thus enhancing mass transfer coefficient. The DCMD
performance of GOIM-P was consistently superior compared to the pristine membrane and
attaining a maximum water vapor flux of 64.5 kg/m?.h at 80°C, which is 15% higher. The

membrane was also found quite stable for a longer period of operation.
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CHAPTER 4
FUNCTIONALIZED CARBON NANOTUBE IMMOBILIZED MEMBRANE FOR

LOW TEMPERATURE AMMONIA REMOVAL VIA
MEMBRANE DISTILLATION

4.1 Introduction

Ammonia is a major water pollutant that is directly or indirectly generated from industrial,
agricultural and domestic sources. It has high solubility in water, and a small quantity of
ammonia can dramatically deteriorate an aquatic environment, and cause considerable
harm to water resources [241]. Ammonia can also be converted to a nitrogen source that
causes algal bloom, so the accumulation of ammonia in water resources may lead to
eutrophication, oxygen depletion and consequently the death of living organisms [242].
Therefore, removing ammonia from water and wastewater is of significant importance.

Ammonia can be removed from water and wastewater via air stripping, adsorption
[243, 244], ion exchange [245, 246], and biological treatment [247, 248]. However, these
techniques have their limitations including high cost and low efficiency [100]. They also
leave large footprints. For examples, biological processes require large space and huge
quantities of chemicals, and the effluent air from the stripping process need further
purification before emission [100, 249]. As a result, there is a need for alternate separation
techniques for ammonia removal.

Membrane distillation (MD) is an emerging separation technique that uses the
difference in a vapor pressure between hot feed side and cold permeate side as a driving
force [47]. MD has been used as a separation process in a variety of applications such as
desalination, waste water treatment, food concentration and volatile organic separations

[47, 50, 100, 250-252]. Low temperature operations (40-70°C) is one of the major merits
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of MD, so low grade thermal energy, solar or geothermal energy can be used as a heat
source for MD [9, 197, 253]. High rejection of non-volatile species, low operating pressure,
and relatively low fouling [197] are other advantages of MD that make it attractive over
other conventional means. MD has been studied for ammonia separation [87, 90, 100, 241,
250, 251] and the results have shown reasonable removal efficiencies.

Besides module and system configurations [204], the membrane itself is a
significant component for enhancing the MD efficiency. Various hydrophobic polymers
[42] and modifications via stretching, phase inversion, selective hydrophilization and
electrospinning have been used to synthesize and modify MD membranes [42, 180, 185,
186, 202, 211, 212, 217]. However, only the flat-sheet PTFE membrane and the hollow-
fiber PP and PVDF membrane have been reported for ammonia separation [87, 90, 100,
241, 250, 251]. More recently, membrane modification by immobilizing nanomaterials
such as carbon nanotubes (CNTs) and graphene oxide (GO) have been carried out to
enhance membrane properties in MD [189, 191, 198, 222, 254]. The results have shown
that flux and stability can be improved by such modifications [191, 203, 255]. CNTs have
been used in different membrane applications where they have played the role of sorbents
for selective solute transport [147, 256-259]. Simple membrane structures have been made
by immobilizing CNTs on conventional membranes (CNIMs) that have led to significantly
higher flux and reduced fouling in MD [147, 189, 198, 203, 260-262]. They have been used
in desalination, solute concentration as well as for the efficient separation of organic
compounds such as, isopropanol (IPA) from aqueous mixtures [147]. A major advantage
of CNTs is that surface modification can lead to selective adsorption of solute this

increasing the flux and overall selectivity.
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In this study, our objective was to investigate the separation of ammonia from water
by using CNIMs. Yet another objective was to see if altering the polarity would lead to

enhancement in ammonia flux and selectivity.

4.2 Materials and Methods

4.2.1 Chemicals and Materials

Ammonium chloride (NH4ClI), sulfuric acid (H2SOs4), sodium hydroxide (NaOH), and
sodium carbonate (Na2COz) used in this study were purchased from Sigma Aldrich (St.
Louis, MO). Deionized water was used in all experiments. The membrane used in these
experiments was flat composite PTFE membrane supported by polypropylene (ANOW,

Hangzhou Anow Microfiltration Co., Ltd, Hangzhou, China: 0.45 um pore size).

4.2.2 CNIM Fabrication and Characterization

Multi-walled carbon nanotubes (MWCNTSs) (OD 20-30 nm, length 10-30 um, purity
>95%) were obtained from Cheap Tubes Inc., Brattleboro, VT. While, the functionalized
CNTs were synthesized by binding the carboxyl group on the sidewall of MWCNTS via
microwave induced reaction in a Microwave Accelerated Reaction System (CEM Mars)
according to the detail in our previous paper [263].

In CNIMs fabrication, uniform dispersion of CNTs in the organic solvent and
immobilization of CNTs on the membrane surface are the most important steps. CNIM and
CNIM-f were prepared with the same procedure as described in our recent paper [147]. 1.5
mg of raw CNTSs or f-CNTs was added to 8 gm of acetone and sonicated for 4 h to ensure
the uniform dispersal of CNTs. 0.2 mg of PVDF that acts as a binder, was separately

dissolved in 2 gm of acetone and the PVDF solution was finally mixed with CNTs
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suspension. The PVDF-CNTs mixture was then cast drop wise slowly and uniformly on
the membrane surface to immobilize the CNTSs on the surface. The wet CNIMs were kept
and dried under the hood overnight.

The morphology of the modified membranes and the deposition of CNTs on the
membranes were characterized using the scanning electron microscope (SEM, JEOL;
model JSM-7900F). Raman spectroscopy (DXR Raman microscope, Thermo scientific)
was used to confirm type of CNTs on the surface of membranes and Fourier-transform
infrared spectroscopy (FTIR spectrometer, Agilent Cary 600 Series) was used to analyze
the carboxyl groups on f-CNTs. The thermal stability of the membranes was tested by
thermal  gravimetric  analysis (TGA, Perkin Elmer TGA 8000). The
hydrophobicity/hydrophilicity of the membrane surfaces was determined by contact angle
measurement via the drop method. A droplet of water and 300 ppm ammonia solution was
deposited on the surfaces of PTFE membrane and CNIMs using a micro syringe (Hamilton,
0-100 pL). The digital video camera was used to record the droplet positions and the
contact angle was measured for five times to obtain the average value.

The measurement of liquid entry pressure (LEP) of PTFE and modified membranes
was performed via a method published before [264]. A stainless steel chamber (Alloy
Products Corp, 185 Psi Mawp) was filled with the aqueous solution of ammonia. The MD
module with a membrane was connected to the liquid chamber. A gas cylinder joined with
the chamber was used to increase the pressure above the liquid. The increment of pressure
resulted in the liquid starting to enter through the membrane pores. The pressure at the
onset of the liquid entry into the membrane was the LEP. The measurement was triplicate

to ensure reproducibility.
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The gas permeation test was used to calculate the effective surface porosity over
the effective pore length of the membranes. The measurement was carried out according
to the procedure in the literature [265]. The total molar gas permeation flux per unit
transmembrane pressure difference across the porous membrane can be expressed as the
equation (1) where the first and the second term in this equation refer to the contribution

from Knudsen flow and Poiseuille flow, respectively.

Ji 2 <8RT>0'5 1 re D er? (4.1)
3 \nM

—_— = _—t
AP RTLp = 8uRT Lp

Where ¢ is surface porosity, r is mean pore radius of the membrane, p is the gas viscosity,

Lp is effective pore length, p is the mean pressure (the average of feed and permeate side

pressure), M is the molecular weight of gas, R is the gas constant, and T is temperature

(K). The gas permeation flux per unit driving force (Ji/AP) can be calculated as follows:

Ji _ N (4.2)
AP~ A,

where AP is the transmembrane pressure difference across the membrane area At. Ni,iis
total molar gas permeation rate (mol s). The total gas permeation rate through the
membrane was measured by a bubble flow meter. From equation (1), the mean pore size
(r) and the effective surface porosity over pore length, € /Lp, can be calculated from the

slope (So) and the intercept (lo) as follows:
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4.2.3 Experimental Setup

The MD configuration employed for this study was direct contact membrane distillation
(DCMD) where the hot ammonia solution was passed through the feed side of the
membrane in the MD module without recirculation, while the cold distilled water was
recirculated through the permeate side of the membrane with countercurrent flow.
However, it is noted that the concept of CNIMs is equally valid for other forms of MD such
as sweep gas and vacuum MD. The schematic diagram of the experimental setup for the
DCMD is illustrated in Figure 4.1. The flat MD module was made from PTFE with an
active contact area of 11.94 cm?. Peristaltic pumps (Cole-Parmer, Masterflex L/S compact
pump model 77240-00 and Masterflex L/S Easy-Load pump head model 7518-60) were
used to circulate the feed and permeate flow. The temperature of feed solution was
controlled by the constant temperature water bath (NESLAB Instruments, Inc., Water Bath
Model GP 200), and the bench top chiller (Cole-Parmer, Polyscience LS5) was used to
maintain the permeate temperature. Inlet and outlet temperatures of the feed and permeate
sides were monitored continuously using temperature sensors (Cole-Parmer, Four-channel

data logger thermometer).

4.2.4 Experimental Procedure
The ammonia feed solutions with different concentrations were prepared through the

addition of measured amounts of ammonium chloride to deionized water. The pH of the
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solutions was adjusted to 11.5 by adding the NaOH and measured by pH bench top meter
(Thermo Scientific Orion Star A111). The performances of PTFE and modified membranes
were investigated with different conditions, i.e., concentrations, temperatures, and feed
flow rates of the ammonia feed solutions. The titration method following EPA method #
350.2 (see Appendix) was applied to measure the concentrations of ammonia in the
receiving water at permeate side. 0.02 N of H2SO4 was used as a titrant, 0.02 N of Na.COz3
was the primary standard reagent, and the mixture of methyl red and methylene blue was
used as an indicator. Each experiment was repeated three times to confirm the

reproducibility.
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Figure 4.1 Schematic diagram of the experimental setup for the DCMD.
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4.3 Results and Discussion

4.3.1 Membrane Characterization

The SEM images of the original PTFE membrane, CNIM, and CNIM-f are shown in Figure
4.2. Figure 4.2a shows the pore structure of the feed side of the PTFE membrane, while
Figure 4.2b shows the PP supporting layer on the permeate side. The changes in
morphology of the membranes after immobilizing with raw CNTs and f-CNTs at the feed
side are shown in Figure 4.2c and d. Both CNTs were uniformly widespread over the entire
membrane surface. Raman spectra of PTFE membrane, CNIM, and CNIM-f are presented
in Figure 4.3. Prominent Raman peaks of PTFE were at 286, 393, and 730 cm™, while that
of the PP support were between 800 -1200 cm™. The presence of CNTs on CNIMs showed
the signature bands, namely D-band (~1350 cmt), G-band (~1580 cm™), and G' band (2683
cm™t). CNIM-f showed the higher intensity of the D-band that was attributed to the high
defects on the f-CNTs [266]. FTIR spectra of raw CNTs and f-CNTs are shown in Figure
4.4. The COOH functional groups on the f-CNTs are represented by the peak at 1733 cm”
1 which can be assigned to the carbonyl (C=0) stretching mode, and the broad peak at 3446
cm is attributed to the O-H stretching vibration of carboxyl groups [267, 268].

The photographs of water and aqueous ammonia drops on the surface of the PTFE
membrane and CNIMs as well as the associated contact angles are shown in Figure 4.5.
The presence of raw CNTs and f-CNTs significantly altered the contact angle of the PTFE
membrane. With deionized water, the contact angle for the PTFE membrane was 116 °
which clearly showed hydrophobicity, while the contact angles for CNIM and for CNIM-
f were 131° and 85° respectively. The increase in contact angle for CNIM was due to the

hydrophobicity of the raw CNTs. On the other hand, the polar carboxylic groups of f-CNTs
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enhanced the hydrophilicity and significantly reduced the contact angle in CNIM-f. This is
in accordance to previous publications [147, 198]. In the ammonia-water mixture, the
presence of ammonia reduced surface tension [269] which led to lower contact angles in
all membranes as compared to pure water. The average contact angle for PTFE, CNIM,
and CNIM-f were 103°, 95° and 80°, respectively. As expected, the contact angles for
CNIMs were lower than that for the PTFE membrane, this was due to the higher sorption
on the CNTs. Higher ammonia sorption on the surface of CNIM-f can be attributed to the
presence of carboxylic groups on CNTs which reduced the contact angle.

The liquid entry pressure (LEP) of PTFE and modified membranes was investigated
using DI water and 500 ppm of ammonia solution as feed solutions. The LEP of PTFE and
CNIMs tested with DI water and ammonia solution were not significantly different; they
were found to be as high as 80 £ 5 Psig. From the gas permeation test, the effective porosity
over pore length (e /Lp) was found to be 1.97 x 10° m™%. As only a small amount of CNTs
was immobilized on the membrane surface, this value did not show any significant change

for the CNIMs. This is in line with our previous reports [147, 198].
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Figure 4.2 SEM images of a) the feed side of original PTFE membrane, b) the permeate
side of original PTFE membrane, c) CNIM and d) CNIM-f.
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Figure 4.6 shows the TGA curves of the PTFE membrane and CNIMs. All
membranes were quite stable at moderate temperature (T<150 °C). The initial weight loss
of the membrane began at the temperature of ~328 °C which was due to PP decomposition

[270] and further weight loss was observed again at temperature of ~500 °C, which was
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from PTFE [271]. The TGA curves of CNIMs shifted slightly upward, which implied the

thermal stability of CNIMs were somewhat higher.
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4.3.2 DCMD Performance Using CNIMs and PTFE Membrane
In this study, the performance of modified membranes was assessed in term of permeate
flux and the ammonia removal efficiency. The overall permeate flux of species “i” (Ji),

across the membrane can be described as:

Wpi (4-5)

where W is the total mass of species “i”” of the permeate, t is the permeate collection time,
and A is the active membrane surface area. The ammonia removal efficiency can be

calculated according to the equation below.

W.,; 4.6
Ammonia removal (%) = —= x 100 (4.6)

fi

where Wfi is the total mass of species “i” in the feed solution at the beginning.

The effect of varying feed concentration on the ammonia flux and percent removal
are shown in Figure 4.7a and b, respectively. Three different ammonia feed concentrations
of 100, 300, and 500 ppm at a constant feed flow rate of 15 ml/min and at 40 °C were
investigated. From Figure 4.7a, it is clear that the permeate flux of all membranes
significantly increased with an increase in feed concentrations. However, the flux from
CNIM and CNIM-f were higher than that of the PTFE membrane. This was due to the fact

that the CNTs was an excellent sorbent for ammonia [272]. The presence of CNTs on the
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membrane improved the partition coefficient of ammonia. CNIM-f exhibited the higher
flux than CNIM where the presence of carboxyl groups played a key role in increasing the
ammonia adsorption on the membrane [273]. The highest ammonia flux of 31 g/m? h was
obtained at the feed concentration of 500 ppm with CNIM-f, and the enhancement was 63
% higher than the PTFE membrane. The percent ammonia removal decreased with an
increase in the feed concentration for all membrane as shown in Figure 4.7b. However,
both of the CNIMs showed higher percent of ammonia removal and greater stability
compared to the PTFE membrane. The highest percent removal was produced by CNIM-f
with about 9 % at the concentration of 100 ppm.

The effect of the feed flow rate on permeate flux and ammonia removal efficiency
at 40 °C feed temperature and 300 ppm ammonia concentration was investigated and the
results are shown in Figure 4.8a and b, respectively. The feed flow rate was kept low and
varied between 5-24 mL/min, while the permeate side flow rate was fixed at 50 mL/min.
It can be seen from Figure 4.8a that the permeate flux increased with an increase in the
feed flow rate in all membranes. Increase in feed flow rate resulted in the availability of
high volume of ammonia solution and consequently vapor pressure into the MD module
for separation; and the reduction of temperature and concentration polarization, thus the
enhancement in permeate flux. The CNIMs showed higher flux compared to the PTFE
membrane for all feed flow rates, and CNIM-f produced the maximum permeate flux of 32
g/m? h at 24 mL/min feed flow rate. It was 18 and 52 % higher than the flux of CNIM and
PTFE membrane, respectively. Unlike the permeate flux, the percent ammonia removal
decreased with an increase in the feed flow rate as illustrated in Figure 4.8b. This was due

to the fact that, at low flow rates the residence time was long, and the relatively large
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amount of ammonia partitioned on the membranes, especially on CNIM surface. This
shorter residence time at high flow rate resulted in a drop in the removal efficiency. The
maximum 14% percent removal of ammonia was obtained at 5 mL/min feed flow rate using

CNIM-f. It is evident that the CNTs promoted the ammonia permeation.
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Figure 4.7 a) Effect of feed concentration on ammonia flux, and b) % ammonia
removal as the function of feed concentration.
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Figure 4.9a and b show the effect of feed temperature on the ammonia flux and the
percent ammonia removal. The feed temperature was varied from 30-50 °C at a fixed feed
flow rate of 15 mL/min and at a feed concentration of 300 ppm. The MD was carried out
at low temperatures in order to prevent the evaporation of ammonia from the feed water.

From Figure 4.9a, the ammonia flux increased with an increase in temperature for all
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membranes due to the increase in vapor pressure with temperature. Overall, the
performance of the CNIMs was superior to the pristine membrane at all temperatures.
Maximum permeate flux of 25 g/m? h was reached by CNIM-f at 50 °C feed temperature,
which was 22 and 45% higher as compared to the CNIM and the PTFE membrane. The
amount of ammonia removal also increased with an increase in the temperature for all
membranes as illustrated in Figure 4.9b. CNIM-f achieved the highest efficiency with 11%

removal at 50 °C, while the PTFE membrane and CNIM were 8% and 9 % respectively.

The selectivity of ammonia separation was measured as:

y/(1=y) (4.7)

Selectivity = m

where x and y are the mass fractions of ammonia in the feed and the permeate.

Figure 4.10 shows the effect of ammonia selectivity at different temperatures. In
general, ammonia selectivity of the membranes tended to decrease with increase in the feed
temperatures [90, 251]. Increase in feed temperatures exponentially increased the water
vapor pressure that resulted in higher mass of water diffusing through the membrane. At
the same time the partition coefficient of ammonia decreased with temperature, and was
expected to reduce the overall ammonia selectivity. While the selectivity for the PTFE and
the regular CNIM decreased with temperature, the overall selectivity of CNIM-f remained
constant and did not decrease with temperature. The carboxylic groups on the f-CNTs

facilitated the ammonia transfer across the membrane and maintained the high selectivity.
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4.3.3 Mass Transfer Coefficient

The mass transfer coefficient (k) can be described as:

Ji (4.8)
(Pf - Pp)

k =
Where Ji is the flux, Psand Py are the partial vapor pressures of the specie i in the feed and
permeate side, respectively. The partial pressure of ammonia on the feed side was obtained
from literature data [274]. Since deionized water was used as the cold receiving water, the

partial vapor pressure on the permeate side was considered to be zero.

Table 4.1 shows the effect of various feed temperature on mass transfer coefficients
of ammonia for the different membranes at 300 ppm ammonia concentration and 15

mL/min feed flow rate. The mass transfer coefficients of ammonia tended to decrease with
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an increase in the feed temperatures. Both CNIMs showed the higher mass transfer
coefficients than the PTFE membrane and CNIM-f had the largest mass transfer coefficient
at all temperatures. The higher mass transfer coefficients of the CNIMs were attributed to
high adsorption and rapid desorption properties of CNTs [147, 198, 203, 275]. The
enhancement in mass transfer coefficients of CNIM-f varied from 33 % to 48%, and the

maximum effect was observed at 40 °C.

Table 4.2 shows the mass transfer coefficients of ammonia at flow rates between 5-
24 mL/min, feed concentration of 300 ppm at 40 °C. The mass transfer coefficients
increased with the increase in the feed flow rates. High feed flow rates increased the
turbulence that led to the reduction in the boundary layer resistance and consequently the
mass transfer coefficients were significantly increased at a higher flow rate. The CNIMs
showed higher values of mass transfer coefficient as compared to the PTFE due to high
adsorption and rapid desorption on CNTs. Once again CNIM-f had the higher mass transfer
coefficient than CNIM as the-COOH groups helped in the mass transport. The
enhancement in mass transfer coefficients associated to the functionalized CNT was
anywhere between 39 % and 52% with the most pronounced effect at 24 mL/min feed flow

rate.
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Table 4.1. Mass Transfer Coefficient of Ammonia at Various Feed Temperatures
300 ppm of Aqueous Ammonia Feed Solution and 15 mL/min

Mass transfer coefficient (kg/m?2.s.Pa) x10-’

Temperature (°C) M;Igrine CNIM CNIM-f
30 1.79 2.07 2.31
10 1.38 1.76 2.04
5 1.15 1.37 1.67

Table 4.2 Mass Transfer Coefficient of Ammonia at Various Feed Flow Rates and
300 ppm of Aqueous Ammonia Feed Solution at 40 °C

Mass transfer coefficient (kg/m?.s.Pa) x 107

Flow rate
) PTFE
(mL/min) Membrane CNIM CNIM-f
5 0.75 0.90 1.04
15 1.38 1.76 2.04
24 2.16 2.78 3.28

4.3.4 Membrane Stability

The stability of membranes was tested by conducting the experiment for 30 days (8

hrs/day), and it was observed that ammonia flux did not show any significant change over

this period of time. The change in pH of permeate was investigated and compared to each

other to watch the feed solution breakthrough. During long term experiments, the pH of

permeate showed the minor variation within 10.4+0.2 implying that no feed breakthrough

occurred.
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4.4 Proposed Mechanism
The proposed mechanism for ammonia flux enhancement by CNIMs is shown in Figure
4.11. CNTs have demonstrated several unique sorption properties and have been used in
applications such as gas preconcentration and sensors [276-279]. In this study the presence
of CNTs significantly improved ammonia flux and mass transfer coefficients when
compared to a PTFE membrane that was uncoated. This enhancement was attributed to
preferential sorption of NHz on CNT as well as f-CNT sites. The higher ammonia flux on
CNIM-f compared to the CNIM can be explained by the presence of a large number of
carboxylic functional groups on the f-CNT that provided sites for preferential sorption of
ammonia [273] thus increasing activated diffusion for ammonia that resulted in flux
enhancement and the ammonia flux reported in this study is double of the maximum value

reported before [251].

4.5 Conclusions
Ammonia removal by CNIMs made from raw CNTs and f-CNTs were significantly higher
than that with the original PTFE membrane. The f-CNTs showed the highest flux, ammonia
recovery and mass transfer coefficients under all operational conditions. The maximum
flux obtained in CNIM-f was 32 g/m? h, which was twice that of what has been reported
before. The highest ammonia removal efficiency with CNIM-f was observed to be 14% at
the feed flow of 5 mL/min with the constant temperature of 40 °C and concentration of 300
ppm. Ammonia selectivity on CNIM-f remains constant with increase in temperature while
the other membranes showed a decrease. Immobilizing CNTs and f-CNTs on the PTFE

surface did not only alter the membrane morphology, but significantly improved partition
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coefficients that promoted ammonia transport. This was supported by contact angle
measurement data. While the data is presented for DCMD, the concept using functionalized

CNTs is valid for all modes of MD.
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Figure 4.11 Schematic diagram for mechanism proposed on CNIMs.
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CHAPTER 5
REMOVAL AND RECOVERY OF METHYL TERTIARY BUTYL ETHER

(MTBE) FROM WATER USING CARBON NANOTUBE AND
GRAPHENE OXIDE IMMOBILIZED MEMBRANES

5.1 Introduction
Over 20 million tons of methyl tert-butyl ether (MTBE) is produced and used as a fuel
additive around the world every year, and it has contaminated ground and surface water all
across the globe [280, 281]. Its impact on the environment and human health has been a
great concern in the USA and other countries as well [282-288]. MTBE is highly water
soluble, has alow Henry’s Law constant and low sorption constants [281]. These properties
also enhance the mobility of MTBE, and make it difficult to separate from water. Methods
such as air stripping, adsorption, oxidation processes and pervaporation have been used for
MTBE removal [289-291]. Air stripping is the conventional method for separating MTBE
from water. However, this approach works well only at high temperature, which is energy
extensive, and lowering the temperature of MTBE-contaminated feed water can reduce the
efficiency of this technology significantly. Additionally, the technology is often not
practical if the air stream has to be treated [292]. Although the adsorption of low
concentration MTBE on activated carbon can be a challenge, this approach also requires a
desorption step [293, 294]. Advanced oxidation processes have also been tested, but they
can lead to the formation of toxic by-products. Membrane-based processes can overcome
some of the shortcomings of the conventional processes mentioned above, and are gaining
interest [289]. Membrane-based pervaporation has been applied for MTBE separation from
water [295, 296]. The results show a high separation factor for MTBE [296], however, the

process has relatively low permeate flux [297].
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Membrane distillation (MD) is a thermally-driven, membrane-based process, which
has been utilized for desalination and wastewater treatment, including volatile compound
separation [47, 147, 197]. The main advantages of MD include high rejection of non-
volatile species and relatively low membrane fouling. Furthermore, a low-grade energy,
such as solar/geothermal energy, and industrial waste heat have been efficiently used as a
heat source, since MD can be operated at low temperature (30-70 °C) [197, 253, 298]. A
key element of the MD system is the membrane, which directly influences the separation
performances. This MD process exploits the differential partial vapor pressure between
feed and permeate side as the driving force to transport the vapor molecules through the
membrane, where the liquid/membrane interface needs to be hydrophobic to prevent
membrane pore blocking and wetting. Understanding these interactions at the membrane
interface is important for tailoring the membrane properties [299]. A variety of
modification methods have been used to promote the hydrophobicity of the membrane
surface [42]. For examples, a hydrophobic styrene-butadiene rubber was used to
chemically coat on a polyamide membrane [180], while tetrafluoromethane was employed
to modify the surface of polyethersulfone membranes by vacuum plasma modification
[184]. The hydrophobic materials, such as polypropylene (PP), polyvinylidenefluroride
(PVDF), polyethylene (PE), and polytetrafluoroethylene (PTFE) have been used to
synthesize MD membranes [52]. However, they tend to be very hydrophobic, and show
little affinity for MTBE. We have reported a membrane modification approach using
carbon nanotubes (CNTs), f-CNTs and GO [189, 191, 192, 203, 300] to improve the
characteristics of the membrane, and have shown an excellent adsorption and transport of

solutes, leading enhanced flux and selectivity in desalination, as well as the separation of
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organic solvents from aqueous mixtures [147, 191, 298]. Although several techniques have
been tested for MTBE removal from aqueous solution, few studies have investigated the
removal using vacuum MD [95, 301]. MTBE separation using SGMD with a nanocarbon-
modified membrane at low temperature has much potential for performance improvement,
and has not been studied. The objective of this project was to study the removal of MTBE
from water via SGMD, using carbon nanotube and a graphene oxide-immobilized

membrane.

5.2 Materials and Methods

5.2.1 Chemicals and Materials

Methyl tert-butyl ether (MTBE) (99.8%) was purchased from Sigma Aldrich (Sigma-
Aldrich Inc, St. Louis, MO, USA). Flat sheet polytetrafluoroethylene (PTFE) membrane
with a polypropylene (PP) supporting layer (0.2 pm pore size, 119 pm thickness, and 74%
porosity) was obtained from Adventec Toyo Kaisha, Ltd., (Tokyo, Japan). Multi-walled
carbon nanotubes (MWCNTSs) (OD 20-30 nm, length 10-30 um, purity > 95%) were
purchased from Cheap Tubes Inc., (Brattleboro, VT, USA). Graphene oxide (GO) was
obtained from Graphenea Inc., (Cambridge, MA, USA). Deionized water was used in all

experiments.

5.2.2 CNIM-f and GOIM Fabrication and Characterization
The functionalized CNTs (f-CNTs) were prepared by bonding the carboxyl functional
group on the MWCNT sidewall through microwave-induced reaction in a Microwave

Accelerated Reaction System (CEM Mars), as stated in our previous [263].
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CNIM-f was fabricated by the procedure, as explained in our recent paper [298].
1.5 mg of f-CNTs was mixed with 8 gm of acetone and uniformly dispersed by an
ultrasonic bath for 4 h. The PVDF solution used as a binder was separately prepared by
dissolving 0.2 mg of PVDF in 2 gm of acetone and added to f-CNTs solution.
Immobilization of f-CNTs on the membrane was performed by drop casting of the f-CNTs-
PVDF mixture on the membrane surface. The modified membrane was dried under the
fume hood overnight. GOIM was also fabricated with the same procedure, except
sonication for 10 h.

The membrane morphology and the deposition of CNTs and GO on the membranes
were characterized using the scanning electron microscope (SEM, model JSM-7900F,
JEOL USA Inc, Peabody, MA, USA). The plain membrane, CNIM-f and GOIM were
further characterized by Raman spectroscopy (DXR Raman microscope, Thermo Fisher
Scientific, Waltham, MA, USA). The instrument was operated by using 532 nm diode-
pumped, solid state (DPSS) laser with laser power of 8 mW, and five scans, with each for
2 s, were performed. The thermal stability of the membranes was examined via thermal
gravimetric analysis (TGA, model TGA 8000, PerkinElmer Inc, Hopkinton, MA, USA)
using N2 in the temperature range of 30-620 °C, with a heating rate of 10 °C/min. Contact
angle measurement used to illustrate the hydrophobic/hydrophilic property of the
membrane surfaces was obtained by the water drop method. Water and 2.5% MTBE
solution were used in the contact angle measurement. A micro syringe (Hamilton 0—100
uL) was employed to create 2 puL droplets for the measurement as the method described in

our previous paper [298]. Surface free energy of the unmodified and modified membranes
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was calculated from contact angle data following the Owens—Wendt (extended Fowkes)
model [302] by using water, ethylene glycol, glycerol and propanol as test liquids [303].
The liquid entry pressure (LEP) of PTFE and modified membranes was measured
by a procedure mentioned in the article [264]. The membrane module was connected to a
stainless steel chamber (Alloy Products Corp, 185 Psi Mawp) filled with the MTBE
solution, by the high-pressure tubing (Masterflex Transfer Tubing, PTFE, 1/8" ID x 1/4"
OD). Compressed N2 gas was used to build up the pressure in the chamber, and the
increased pressure forced the liquid going into the tube. The pressure that drives the liquid,
first entering through the membrane pores, is LEP. The triple measurement was carried out

to ensure reproducibility.

5.2.3 Experimental Setup

The sweep gas membrane distillation (SGMD) configuration was employed in this study.
The MTBE solution was recirculated around the feed side of the membrane, while a dried-
inert gas swept the vapor on the permeate side of the membrane. Before being passed
through the permeate side, the sweep air was treated according to the procedure in our
previous paper [147]. The SGMD setup in this experiment is shown as the schematic
diagram in Figure 5.1. The MD module had an active contact area of 11.94 cm?2.
An enclosed feed chamber was used to prevent sample loss via evaporation. A peristaltic
pump (Cole-Parmer, Masterflex L/S compact pump model 77240-00) was used to
recirculate the feed solution. The constant temperature water bath (NESLAB Instruments,
Inc., Water Bath Model GP 200) was used to control the temperature of the feed.
The temperature sensors (Cole-Parmer, Four-channel data logger thermometer) were

employed to continuously monitor the inlet and outlet temperatures of the feed side.
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5.2.4 Experimental Procedure

MTBE feed solutions with different concentrations were prepared by adding weighed
amounts of MTBE to deionized water. The performances of PTFE and modified
membranes were measured under different conditions, i.e., concentrations (0.5, 1.5and 2.5
wt% MTBE), temperatures (21, 30 and 40°C), and feed flow rates (20, 30, and 40 mL/min).
The air flow rate on the permeate side was kept constant at 2 L/min for all experiments.
The change in the feed amount was measured by subtracting the initial and final weight.
The concentrations of the MTBE solution were analyzed by a UV Spectrophotometer (UV-
1800 UV-Vis Spectrophotometer, Shimadzu Inc, Canby, OR, USA) with Amax at 194 nm.
The concentration and weight of the feed solutions before and after the experiments were
used to calculate the flux and the selectivity of the membranes. Each experiment was

carried out in triplicate to confirm the reproducibility.
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Figure 5.1 Schematic diagram of the experimental setup for the SGMD.
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5.3 Results and Discussion

The SEM images of the plain PTFE membrane, GOIM, and CNIM-f are illustrated in
Figure 5.2. Figures 5.2a and b show the biaxially stretched microporous structure of the
feed and the permeate side of the original PTFE membrane, while Figures 5.2c and d
present the morphology of the feed side of the membranes after modification by GO and f-
CNTs, respectively. Uniform deposition of GO and f-CNTs was found over the entire
membrane surface. Figure 5.3 presents the Raman spectra of the PTFE membrane, GOIM,
and CNIM-f. The Raman spectrum of PTFE membrane showed the dominant peaks at 294,
389, 735, and 1383 cm™ [304]. These peaks can also be seen in the spectrum of GOIM and
CNIM-f, together with the signature bands of graphitic materials at ~1350 cmand ~1595
cm, called the D and G-band, respectively [305].

The TGA and the derivative thermogravimetry curves of the PTFE membrane,
GOIM and CNIM-f are shown in Figures 5.4a and b, respectively. At moderate
temperatures (T<150 °C), all membranes seemed relatively stable. The decomposition of
PP resulted in the initial weight loss of the membranes at the temperature of ~350 °C [270],
with significant weight change at the temperature of the 450-500 °C range. The significant
weight loss was noticed again at a temperature of ~500 °C and the major weight loss was
seen at temperatures between 550 and 600 °C. This was due to the degradation of PTFE
[271]. Overall, the TGA of modified membranes clearly shifted upward from the plain
membrane, especially the CNIM-f. This implied that the modified membranes have a
higher thermal stability than the unmodified ones. Higher thermal stability or the reduction
of the thermal degradation of GOIM and CNIM-f could be attributed to the role of GO and

CNTs that act as a radical scavenger and sacrificial agent, and their ability in inducing the
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barrier effect and high thermal conductivity [231, 306]. However, between GOIM and
CNIM-f, the latter had higher thermal stability. This is in accordance with the thermal
stability of GO and CNTs as reported in the previous publication [307].

The contact angles of pure water and aqueous MTBE solution on the membrane
surface, along with their photos are presented in Figure 5.5. The presence of GO and f-
CNTs clearly resulted in the alteration of the contact angle of the drops on the PTFE
membrane. Testing with deionized water, the contact angles for the plain membrane was
118°, which decreased to 108 and 112° for GOIM and CNIM-f, respectively. The reduction
in the contact angle for GOIM and CNIM-f were attributed to the polar epoxy, carboxyl
and hydroxyl functional groups on GO, and the carboxylic groups of f-CNTs. These
enhanced the hydrophilicity of the membranes. This is in line with the previous
publications [191, 298, 300]. For the MTBE solution, the contact angle for all membranes
reduced as expected due to incorporation of the organic moiety in the aqueous solution,
which decreased surface tension and eventually led to lower contact angles. For GOIM and
CNIM-f, similar contact angle values of 94° and 95° were observed and it was 107° for the
plain membrane. Furthermore, the additional reduction of the contact angles for GOIM and
CNIM-f compared to that for plain membrane was attributed to the enhanced interaction
of the organic moiety with GO and f-CNTs. Surface free energy of the original PTFE
membrane and modified membranes was investigated using the contact angles of different
liquids, as mentioned before. The surface free energy showed an increase with the
membrane modification, using GO and f-CNTs. The surface free energy was 5.54 mJ/m?

for the plain membrane, and rose to 8.77 and 7.64 mJ/m? for GOIM and CNIM-f,
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Figure 5.2 Scanning electron microscopy (SEM) images of a) the feed side of original PTFE
membrane, b) the permeate side of original PTFE membrane, ¢) GOIM and d) CNIM-f.
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respectively. Although, the surface energy of a particular material depends upon various
factors, in general, the high surface free energy of modified membranes signify strong
molecular attractions, while the low surface free energy of plain membrane indicates

weaker attractive forces between the liquid and the membrane surface.

735

10 A

294
89
1383

(= =]
3

595
1214
1305

PTFE membrane

- G-Band
4 k I D-Ba GOIM

! D—Bﬂd G-Band CNIM-1
D -

0 500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Intensity (a.u.)

Figure 5.3 Raman spectra of PTFE membrane, GOIM, and CNIM-f.

The measurement of liquid entry pressure (LEP) for plain and modified membranes
was made using DI water and 2.5% of the MTBE solution as feed solutions. The LEP of
the membranes tested with DI water were 67, 63, and 64 psig, and reduced to 37, 29, and
34 psig when MTBE was used as a feed for the plain membrane, GOIM, and CNIM-f
respectively. The reduction of LEP of the membranes when tested with MTBE was
attributed to decrease in the surface tension of the liquid and the contact angle. This is due
to the fact that LEP is proportional to the surface tension of the liquid and the degree of

contact angle, as described in the literature [308]. The LEP of GOIM and CNIM-f were
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lower than that of the plain PTFE membrane, due to their lower contact angles due to the

reasons given above.
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Figure 5.4 Thermogravimetric analysis (TGA) a) and the derivative thermogravimetry b)
of the PTFE membrane, GOIM, and CNIM-f.
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5.3.1 SGMD Performance Using GOIM, CNIM-f and PTFE Membrane
In this study, MTBE permeate flux and MTBE removal efficiency were used to evaluate
the performance of the modified membranes and compared to a plain PTFE membrane.

The overall permeate flux of MTBE (Jmtse), across the membrane can be expressed as:

_ WeW) (5.1)
]MTBE - Axt

Where, Wo and W; are the total mass of MTBE of the feed at the beginning of the
experiment and after collection time t, respectively. A is the active membrane surface area.

The MTBE removal efficiency can be measured according to the equation below.

Wo-W, 5.2
% MTBE removal = % x 100 (5:2)
0

The results of varying feed concentration on MTBE flux and percent MTBE
removal are shown in Figures 5.6a and b, respectively. The MTBE feed concentrations of
0.5 wt%, 1.5 wt%, and 2.5 wt%, with a constant feed flow rate of 20 mL/min and a
temperature of 30 °C, were examined. From Figure 5.6a, it can be seen that the MTBE flux
increased substantially with an increase in feed concentration for all membranes, and the
flux of CNIM-f and GOIM were superior to that of the original membrane. The higher flux

for CNIM-f and GOIM may be explained by the fact that f-CNTs and GO are the
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Figure 5.5 Photographs and contact angle of water and aqueous MTBE
(2.5 wt%) drops on PTFE membrane, GOIM and CNIM-f.

exceptional sorbents for the organic molecule [188], and lead to the improvement of the
partition coefficient of MTBE. However, the high flux of CNIM-f over GOIM may be
ascribed to the activated diffusion via adsorption and desorption on the CNT surface that
facilitate faster MTBE transfer across the membrane [203, 309]. The highest MTBE flux
from CNIM-f was 1.4 kg/m? h at the feed concentration of 2.5 wt%, while the maximum
enhancement of 21.7% and 11% was obtained at the feed concentration of 0.5 wt%,
compared to the PTFE membrane and GOIM, respectively. As shown in Figure 5.6b, the
percent MTBE removal declined with the increment of the feed concentrations for all
membranes. Both CNIM-f and GOIM still provided the higher percent removal than the
plain membranes. The highest removal of 56% was observed for CNIM-f at the feed

concentration of 0.5%.
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The effects of the feed flow rate on MTBE flux and percent MTBE removal at 30°C
feed temperature and concentration of 1.5 wt% MTBE are shown in Figures 5.7a and b,
respectively. The feed flow rate was varied between 20-40 mL/min. As can be seen in
Figure 5.7a, it is clear that the MTBE flux steadily rose with an increase in the feed flow
rate in all membranes. The increment of the feed flow rate increased the amount of MTBE
and the availability of vapor into the MD module per unit time. The increased velocity also
led to the reduction of temperature and concentration polarization, and consequently
resulted in the permeate flux enhancement [310]. The modified membranes gave higher
flux than the original membrane for all flow rates. The CNIM-f yielded the highest
permeate flux of 0.98 kg/m? h at the 40 mL/min feed flow rate, while the largest
enhancements found at the feed flow rate of 20 mL/min, which were 11% and 4%, equated
to the PTFE membrane and GOIM, respectively. Like the permeate flux, the percent MTBE
removal increased with an increase in the feed flow rate as shown in Figure 5.7b. The

CNIM-f presented the most percent removal, it was 39% at the same feed flow rate.
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The results of varying feed temperature on MTBE flux and percent MTBE removal
are presented in Figures 5.8a and b, respectively. The membrane performances were
investigated at three different temperatures: 21, 30, and 40 °C at a constant feed flow rate

of 20 mL/min, and at a feed concentration of 1.5%. As shown in Figure 5.8a, there is a

clear trend of increasing the MTBE flux with an increase in temperature for all membranes.
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This is due to the fact that the vapor pressure rises with an increase in the temperature,
according to Antoine’s equation, and then results in the extended vapor pressure difference
between feed and permeate side, and consequently the enhancement in permeate flux [311].
Overall, the modified membranes showed better performance than that of the unmodified
membrane for all temperatures. The highest flux of 0.97 kg/m? h was obtained by CNIM-f
at 40 °C, while the maximum enhancements found at 21°C were 14% and 10%, over the
PTFE membrane and GOIM, respectively. From Figure 5.8b, the percent MTBE removal
also raised with the increment of temperature. CNIM-f reached the maximum efficiency
with 39% removal at 40 °C, while GOIM and the pristine membrane were 37% and 34 %,

respectively.

The selectivity of MTBE separation can be expressed as:

y/(1—-y) (5.3)

Selectivity = m

where x and y are the weight fractions of MTBE in the feed and the permeate, respectively.

The effect of feed concentrations and temperatures on the MTBE selectivity of the
membranes are presented in Figures 5.9a and b. In general, the MTBE selectivity of the
modified membranes were superior to the original membrane for all operating parameters,
and the MTBE selectivity of CNIM-f on average was higher than that of GOIM. The high
selectivity of CNIM-f and GOIM over the original membrane is attributed to the facilitated
transport of MTBE via f-CNTs and GO across the membrane that promote the membrane

selectivity. As shown in Figure 5.9a, the selectivity of all membranes decreased with the
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increment of feed concentration. This was ascribed to the negative effect of viscosity [310].
The maximum selectivity of 54 was obtained for CNIM-f at the feed concentration of 0.5
wt%, while the average selectivity of CNIM-f, GOIM, and the plain membrane were 41,
36, and 31, respectively. As can be seen from Figure 5.9b, the selectivity of the membrane,
except GOIM, trended to reduce with an increase in the temperature. This may be due to
the reduction in sorption capacity with temperature, which affects the overall selectivity. It
is also possible that the negative effect of viscosity compensated for the effect of
temperature increase, and lead to the selectivity decrease as mentioned in the articles [147,
310]. The highest selectivity of 38 was also achieved by CNIM-f. Although, the selectivity
of GOIM had an opposite tendency to the others, its average selectivity did not have a
significant difference from that of CNIM-f. The selectivity of GOIM was 33, whereas the

selectivity of CNIM-f and the pristine membrane were 34 and 23, respectively.

5.3.2 Mass Transfer Coefficients

The mass transfer coefficient (k) can be expressed as:

JmrBE (5.4)

= —MIEE

(Pf_Pp)

where Jwvrge is the flux, Ps and Py are the partial vapor pressures of the MTBE in the feed
and permeate side, respectively. The partial pressure of MTBE on the feed side at a
particular temperature was obtained from the calculation following Raoult’s Law. Since
the permeate side of the membrane was dry air, the partial vapor pressure was considered

as close to be zero.
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The permeate flux can be expressed by an Arrhenius-type equation and the

activation energy of the transport (Ea) can be calculated from this equation [312, 313].

Ea (5.4)

J = Aexp [~

where J is permeate flux (mol m2 h1), R is the gas constant (J mol* K1), and T is feed

temperature (K).

Table 5.1 shows the variation of the mass transfer coefficients (k) of 1.5 wt%
MTBE at various feed temperatures, and at a constant feed flow rate of 20 mL/min. With
an increase in the feed temperatures, the k values of MTBE tended to decline. The CNIM-
f offered the highest mass transfer coefficient, followed by GOIM and the plain PTFE
membrane. The larger k values for CNIM-f was ascribed to the activated diffusion of
MTBE on the f-CNT surface. The mass transfer coefficient enhancement of CNIM-f varied
from 10 % to 14%, compared to the plain membrane. The activation energy (Ea) for MTBE
was calculated from the equation (5). The activation energies of PTFE membrane, CNIM-
f and GOIM were 9, 8.6 and 7.9 kJ/mol, respectively. Although the Ea values for MTBE
were lower than that has been reported for chloroform and butanol using MD [314, 315], a
direct comparison to those values may not be relevant due to the variations in the nature of
chemicals, membranes and process parameters. At the same time, significantly lower
values in the range of 1-3 kJ/mol have been reported for THF and methanol for

pervaporative separation [316, 317]. However, what is important is that the activation
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energy dropped with the CNT and GO modifications indicating facilitated transport with

these modifications.

Table 5.1 Mass Transfer Coefficient of 1.5% MTBE Feed Solution at VVarious Feed
Temperatures with a Feed Flow Rate of 20 mL/min

Mass transfer coefficient (kg/m?.s.Pa) x 10

Temperature (°C) M;;]rgrine GOIM CNIMLF
21 2.19+0.08 2.41+0.08 2.51+0.09
30 1.70+0.02 1.77+0.02 1.88+0.03
40 1.29+0.04 1.38+0.04 1.45+0.07

5.3.3 Membrane Stability

The thermal stability of the membranes was investigated by TGA as mentioned before. The
results showed that there is no significant change happening with the membranes at the
temperatures below 150 °C, which indicates the safe use of membranes at the operating
temperatures of this study. The membrane wetting and change in the MTBE flux were also
studied to evaluate the operational stability of the membranes for 30 days (8 hrs/day). No

solvent leakage, as well as a change in MTBE flux, were observed over the period of time.

5.4 Proposed Mechanism
The modified membranes, namely CNIM-f and GOIM, showed a significant enhancement
in MTBE removal performance over the unmodified one. This could be attributed mainly
to the fact that the f-CNTs and GO are excellent adsorbents for volatile organics [188]. The

engineered nano-carbon provided high specific surface area and served as sorption sites.
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In addition, the surface functional groups, such as the carboxylic group on f-CNTs, and
epoxy, carboxyl, carbonyl and hydroxyl groups for GO also play a major role as interaction
sites for polar organic compounds like MTBE. Although, it has been reported that,
compared to CNTs, GO has a higher specific surface area [318], the CNIM-f provided the
larger MTBE flux for this study. The formation of stacked graphene oxide layers on the
membrane [319] could reduce the effective sorption sites and hinder the MTBE transport
across GOIM, whereas the array of f-CNTSs is expected to form as the pathway on CNIM-
f, and fast adsorption-desorption on the CNT surface brings about the activated diffusion,
and consequently enhances MTBE separation performances [255]. The proposed

mechanism for MTBE flux enhancement by CNIM-f and GOIM is shown in Figure 5.10.

5.5 Conclusions
MTBE flux enhancement was achieved by using f-CNTs and GO-modified membranes.
CNIM-f performance was superior to both GOIM and the original PTFE membrane in
terms of flux, percent recovery, and mass transfer coefficients for all parameter variations.
CNIM-f yielded the maximum flux of 1.4 kg/m? h at the feed concentration of 2.5 wt%,
and the highest percent enhancement and percent MTBE removal were 22% and 56% at
the feed concentration of 0.5 wt%, respectively. Incorporation of nanomaterials also
improved the membrane selectivity for MTBE, and the overall MTBE selectivity of CNIM-
f was highest among the membranes. Immobilization of f-CNTs and GO on the plain
membrane significantly enhanced partition coefficients, and that was confirmed by the
reduction of the contact angle, which played a part in high MTBE transport. However, the

higher MTBE flux for CNIM-f was attributed to the formation of f-CNTSs array on the
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membrane and fast adsorption-desorption on the frictionless f-CNT surface that led to the

activated diffusion.
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Figure 5.10 Schematic diagram for mechanism proposed on CNIM-f and GOIM.

116



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This dissertation presents the enhancement of MD performance using membrane
modification with carbon-based materials, such as CNTs, GO and their derivatives. Three
different experiments were conducted to investigate the potentials of the modified
membrane for desalination, and solvent separations via DCMD and SGMD. Overall, the
membrane modified by CNTs and GO showed the great potentials for water purification,
and solvent removal from aqueous solutions.

Graphene oxide was successful in hydrophilizing the permeate side of a commercial
PP supported PTFE membrane for DCMD. Immobilization of the GO improved the
hydrophilicity of membrane surface at the permeate side. The hydrophilicity of the
membrane attracted the surface boundary of the bulk cold water close to the membrane
surface, this led to the contraction of the boundary layer on the permeate side and the
reduction of mass transfer resistance, and consequently permeate flux enhancement. The
polar epoxy, carboxyl, and hydroxyl functional groups on GO also allowed more water
vapor and cold water to interact with the modified permeate surface, that facilitate fast
condensation and withdrawal of the permeate water vapors. These resulted in water vapor
flux enhancement.

Functionalized CNT immobilized membrane (CNIM-f) effectively enhanced the
performance of DCMD in ammonia separation. Among the membranes (a original
membrane, CNIM and CNIM-f) used in the experiment, CNIM-f showed the highest flux,

ammonia recovery, mass transfer coefficients, and overall selectivity. The presence of a
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large number of carboxylic functional groups on the f-CNTs provided more sites for
preferential sorption of ammonia, and led to increase in activated diffusion for ammonia.
Although the result is obtained from DCMD, the concept using functionalized CNTSs is
valid for all configurations of MD.

Functionalized CNT immobilized membrane (CNIM-f) is also the excellent
membrane for MTBE separation via SGMD. Compared to the plain membrane and GOIM,
CNIM-f offered the greatest performance in terms of flux, removal efficiency, mass
transfer coefficients and overall selectivity. Although the f-CNTs and GO are excellent
adsorbents for VOCs, the formation of f-CNT array on CNIM-f was expected to be the
pathway of MTBE, and fast adsorption-desorption on the CNT surface resulted in activated

diffusion, and consequently enhanced MTBE separation.

6.2 Recommendations

Immobilization CNTs and GO on the commercial membranes using drop casting method
can enhance the performance of the modified membrane, and is proper for laboratory scale.
However, the thickness and the homogeneity of the coated layer still need to be improved
in order to obtain the optimum membrane, and maximum permeate flux. The new coating
techniques should be researched, and developed for use in the laboratory in the larger scale.

Nanocarbon material immobilized membranes for MD showed the excellent
performance in desalination, and other separations in bench-scale testing. The further pilot
scale of MD, using these modified membranes should be performed to assess the feasibility

of a full-scale operation.
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Computer simulation for MD using the nanocarbon material immobilized
membranes should be performed, along with the laboratory experiment to study the
mechanisms facilitating the flux enhancement for the modified membrane. Consequently,
the obtained data should be used to fabricate the optimum membranes and adjust the
operating conditions to enhance the maximum flux.

Synthetic feed solutions are usually used for laboratory to get rid of the
interferences during the experiments. However, real water samples, such as seawater and
other contaminated waters should be studied to obtain accurate results and understand the
issues that may happen in the real world.

The relationship between the contact angle and permeate flux was found. The
permeate flux of MTBE is an example. The flux of MTBE increased with a decrease in
contact angle. The reduction of contact angles for CNIM-f and GOIM was attributed to the
interaction of the MTBE and the polar functional groups on GO and f-CNTs. This enhanced
partition coefficient of MTBE on modified membrane and consequently led to higher
MTBE transfer. Therefore, the functionalization of nanocarbon with different functional

groups should be researched for a future MD study
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APPENDIX

METHOD #:350.2

APPROVED FOR NPDES (EDITORIAL REVISION 1974)

TITLE: Nitrogen, Ammonia (Colorimetric, Titrimetric,
Potentiometric Distillation Procedure
ANALYTE: CAS # Nitrogen 7727-37-9, N
CAS # Ammonium 7664-41-7, NH
INSTRUMENTATION: Titration, Spectrophotometer
STORET No. Total 00610

Dissolved 0060

1.0 Scope and Application

11

1.2

1.3

2.0 Summary

2.1

This distillation method covers the determination of ammonia-nitrogen
exclusive of total Kjeldahl nitrogen, in drinking, surface and saline waters,
domestic and industrial wastes. It is the method of choice where economics
and sample load do not warrant the use of automated equipment.

The method covers the range from about 0.05 to 1.0 mg NHs-N/L for the
colorimetric procedure, from 1.0 to 25 mg/L for the titrimetric procedure,
and from 0.05 to 1400 mg/L for the electrode method.

This method is described for macro glassware; however, microdistillation

equipment may also be used.

of Method

The sample is buffered at a pH of 9.5 with a borate buffer in order to
decrease hydrolysis of cyanates and organic nitrogen compounds, and is
then distilled into a solution of boric acid. The ammonia in the distillate can
be determined colorimetrically by nesslerization, titrimetrically with

standard sulfuric acid with the use of a mixed indicator, or
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potentiometrically by the ammonia electrode. The choice between the first

two procedures depends on the concentration of the ammonia

3.0 Sample Handling and Preservation

3.1

Samples may be preserved with 2 mL of conc. H2SO4 per liter and stored at
4°C.

4.0 Interferences

4.1 A number of aromatic and aliphatic amines, as well as other compounds,
both organic and inorganic, will cause turbidity upon the addition of Nessler
reagent, so direct nesslerization (i.e., without distillation), has been
discarded as an official method.

4.2  Cyanate, which may be encountered in certain industrial emuents, will
hydrolyze to some extent even at the pH of 9.5 at which distillation is carried
out. Volatile alkaline compounds, such as certain ketones, aldehydes, and
alcohols, may cause an off-color upon nesslerization in the distillation
method. Some of these, such as formaldehyde, may be eliminated by boiling
off at a low pH (approximately 2 to 3) prior to distillation and nesslerization.

4.3  Residual chlorine must also be removed by pretreatment of the sample with
sodium thiosulfate before distillation.

5.0 Apparatus

5.1  Anall-glass distilling apparatus with an 800-1000 mL flask.

5.2 Spectrophotometer or filter photometer for use at 425 nm and providing a
light path of 1 cm or more.

5.3  Nessler tubes: Matched Nessler tubes (APHA Standard) about 300 mm

long, 17 mm inside diameter, and marked at 225 mm £1.5 mm inside

measurement from bottom.
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5.4

6.0 Reagents

6.1

6.2

6.3

6.4

6.5

6.6

Erlenmeyer flasks: The distillate is collected in 500 mL glass-stoppered
flasks. These flasks should be marked at the 350 and the 500 mL volumes.
With such marking, it is not necessary to transfer the distillate to volumetric
flasks.

Distilled water should be free of ammonia. Such water is best prepared by
passage through an ion exchange column containing a strongly acidic cation
exchange resin mixed with a strongly basic anion exchange resin.
Regeneration of the column should be carried out according to the
manufacturer’s instructions.

NOTE 1: All solutions must be made with ammonia-free water.
Ammonium chloride, stock solution: 1.0 mL = 1.0 mg NHs-N. Dissolve
3.819 g NH4Cl in distilled water and bring to volume in a 1 liter volumetric
flask.

Ammonium chloride, standard solution: 1.0 mL = 0.01 mg. Dilute 10.0 mL
of stock solution (6.2) to 1 liter in a volumetric flask.

Boric acid solution (20 g/L): Dissolve 20 g H3BOs in distilled water and
dilute to 1 liter.

Mixed indicator: Mix 2 volumes of 0.2% methyl red in 95% ethyl alcohol
with 1 volume of 0.2% methylene blue in 95% ethyl alcohol. This solution
should be prepared fresh every 30 days.

NOTE 2: Specially denatured ethyl alcohol conforming to Formula 3A or
30 of the U.S. Bureau of Internal Revenue may be substituted for 95%
ethanol.

Nessler reagent: Dissolve 100 g of mercuric iodide and 70 g of potassium
iodide in a small amount of water. Add this mixture slowly, with stirring, to
a cooled solution of 160 g of NaOH in 500 mL of water. Dilute the mixture
to 1 liter. If this reagent is stored in a Pyrex bottle out of direct sunlight, it
will remain stable for a period of up to 1 year.
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6.7

6.8

6.9

6.10

7.0 Procedure

7.1

NOTE 3: This reagent should give the characteristic color with ammonia
within 10 minutes after addition, and should not produce a precipitate with
small amounts of ammonia (0.04 mg in a 50 mL volume).

Borate buffer: Add 88 mL of 0.1 N NaOH solution to 500 mL of

0.025 M sodium tetraborate solution (5.0 g anhydrous Na>B4Oy, or

9.5 g Na2B4O7 10H?0 per liter) and dilute to 1 liter.

Sulfuric acid, standard solution: (0.02 N, 1 mL = 0.28 mg NHs-N). Prepare

a stock solution of approximately 0.1 N acid by diluting 3 mL of conc.

H2SO4 (sp. gr. 1.84) to 1 liter with CO.-free distilled water. Dilute 200 mL

of this solution to 1 liter with CO»-free distilled water.

NOTE 4: An alternate and perhaps preferable method is to standardize the

approximately 0.1 N H2SO4 solution against a 0.100 N Na>,COs3 solution.

By proper dilution the 0.02 N acid can then be prepared.

6.8.1 Standardize the approximately 0.02 N acid against 0.0200 N
Na>CO3 solution. This last solution is prepared by dissolving 1.060
g anhydrous Na>COs, oven-dried at 140°C, and diluting to 1000 mL
with CO»-free distilled water.

Sodium hydroxide 1 N: Dissolve 40 g NaOH in ammonia-free water and

dilute to 1 liter.

Dechlorinating reagents: A number of dechlorinating reagents may be used

to remove residual chlorine prior to distillation. These include:

a. Sodium thiosulfate (1/70 N): Dissolve 3.5 g Na2S203 5H20 in
distilled water and dilute to 1 liter. One mL of this solution will
remove 1 mg/L of residual chlorine in 500 mL of sample.

b. Sodium arsenite (1/70 N): Dissolve 1.0 g NaAsO: in distilled water

and dilute to 1 liter.

Preparation of equipment: Add 500 mL of distilled water to an 800 mL
Kjeldahl flask. The addition of boiling chips which have been previously
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7.2

7.3

7.4

treated with dilute NaOH will prevent bumping. Steam out the distillation

apparatus until the distillate shows no trace of ammonia with Nessler

reagent.

Sample preparation: Remove the residual chlorine in the sample by adding

dechlorinating agent equivalent to the chlorine residual. To 400 mL of

sample add 1 N NaOH (6.9), until the pH is 9.5, checking the pH during
addition with a pH meter or by use of a short range pH paper.

Distillation: Transfer the sample, the pH of which has been adjusted to 9.5,

to an 800 mL Kjeldahl flask and add 25 mL of the borate buffer (6.7). Distill

300 mL at the rate of 6-10 mL/min. into 50 mL of 2% boric acid (6.4)

contained in a 500 mL Erlenmeyer flask.

NOTE 5: The condenser tip or an extension of the condenser tip must

extend below the level of the boric acid solution. Dilute the distillate to 500

mL with distilled water and nesslerize an aliquot to obtain an approximate

value of the ammonia-nitrogen concentration. For concentrations above 1

mg/L the ammonia should be determined titrimetrically. For concentrations

below this value it is determined colorimetrically. The electrode method
may also be used.

Determination of ammonia in distillate: Determine the ammonia content of

the distillate titrimetrically, colorimetrically or potentiometrically as

described below.

7.4.1 Titrimetric determination: Add 3 drops of the mixed indicator to the
distillate and titrate the ammonia with the 0.02 N H>SO4, matching
the end point against a blank containing the same volume of distilled
water and H3BOs solution.

7.4.2 Colorimetric determination: Prepare a series of Nessler tube

standards as follows:
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7.5

mL of Standard

1.0 mL = mg NHs-N mg NH3-N/50.0 mL

0.0 0.0

0.5 0.005

1.0 0.01

2.0 0.02

3.0 0.03

4.0 0.04

5.0 0.05

8.0 0.08

10.0 0.10

Dilute each tube to 50 mL with distilled water, add 2.0 mL of Nessler
reagent (6.6) and mix. After 20 minutes read the absorbance at 425 nm
against the blank. From the values obtained plot absorbance vs. mg NH3-N
for the standard curve. Determine the ammonia in the distillate by
nesslerizing 50 mL or an aliquot diluted to 50 mL and reading the
absorbance at 425 nm as described above for the standards. Ammonia-
nitrogen content is read from the standard curve.

7.4.3 Potentiometric determination: Consult the method entitled Nitrogen,
Ammonia: Selective lon Electrode Method (Method 350.3) in this
manual.

It is not imperative that all standards be distilled in the same manner as the

samples. It is recommended that at least two standards (a high and low) be

distilled and compared to similar values on the curve to insure that the
distillation technique is reliable. If distilled standards do not agree with
undistilled standards the operator should find the cause of the apparent error

before proceeding.
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8.0 Calculations

8.1 Titrimetric

mg A x0.28 x 1000
T VTN = 5

where:
A =mL 0.02 N H2SO;4 used.
S = mL sample.

8.2 Spectrophotometric

mgNH N_AxlOOO B
L TN E T Y

where:

A =mg NH3-N read from standard curve.

B = mL total distillate collected, including boric acid and dilution.

C = mL distillate taken for nesslerization.

D = mL of original sample taken
8.3 Potentiometric

mg 500
TNH3 — N = T.XA

where;

A = mg NHz-N/L from electrode method standard curve.

D = mL of original sample taken.
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9. Precision and Accuracy

9.1  Twenty-four analysts in sixteen laboratories analyzed natural water samples

containing exact increments of an ammonium salt, with the following

results:

Increment as Precision as Accuracy as
Nitrogen, Ammonia Standard Deviation Bias Bias

mg N/liter mg N/liter % mg N/liter

0.21 0.122 -5.54 -0.01

0.26 0.070 -18.12 -0.05

1.71 0.244 +0.46 +0.01

1.92 0.279 -2.01 -0.04

(FWPCA Method Study 2, Nutrient Analyses)

[320, 321]
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