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Abstract

Effective, economical, and sustainable treatment technologies are highly desirable for treating oily
wastewater generated from various industries as well as municipal and commercial establishments.
The performance of traditional polymeric membranes is largely constrained by their high fouling
tendency to oil and hence renders this highly efficient technology for separating emulsified oil
inappropriate. Therefore, a unique integrated treatment train coupling polyamide-imide (PAI)
microfiltration membrane with an adsorption system using a chemically modified agricultural by-
product, wheat straw, was implemented to decrease the fouling and increase the membrane life
span. In the first work, we modified wheat straw through a simple radical polymerization to graft
biocompatible PMMA in order to enhance the hydrophobicity. The substantial increase in oil
adhesivity after grafting PMMA was evident from the 0" oil contact angle for PMMA-g-WS film.
Oil absorptivity was thoroughly evaluated by batch oil adsorption study using variable adsorbent
dosages and oil emulsion concentrations. The PMMA-g-WS exhibited the highest oil adsorption
capacity of ca. 1129 mg/g, as determined by the kinetic equilibrium study. The adsorption capacity
was explicitly high compared to that of the pristine (ca. 346 mg/g) and pre-treated (ca. 741 mg/g)
samples due to exposure of numerous mesopores and micropores and which made an avenue for
deeper oil penetration. The shape of the hysteresis loops indicated the predominance of mesopores
in all three samples, which was also confirmed by the pore width values ranging from 1.6-32 nm.
In addition, the strong hydrophobic interactions due to the grafted surface functionalities
significantly added to the oil adsorptivity. Langmuir and Freundlich adsorption isotherms were
applied to evaluate the adsorption mechanism. The experimental data fitted well with Freundlich

isotherm, indicating a multilayer adsorption process and heterogeneity of adsorption sites.



On the other hand, they also fitted well with the pseudo-second-order rate equation with R? as high
as 0.999. This also indicated indicate multilayer adsorption where the initial rate of monolayer
adsorption is faster than the rate of subsequent multilayer formation. The high oil adsorption
capacity of the PMMA-g-WS makes it a very promising material oily wastewater treatment. This
will simultaneously resolve issues with the treatment of oily wastewater and the handling of
abundant quantities of waste wheat straw.

In the second work, the breakthrough curves for different oil concentrations were obtained using
a bench-scale set up of a fixed-bed column. The oil removal efficiency decreased only by 18%
during the subsequent cycle after regeneration for 100 ppm oil concentration. This system was
then coupled with the PAI membrane fabricated by the non-solvent induced phase separation
technique. Polyvinylpyrrolidone (PVP) was blended to enhance the hydrophilicity. The flux
decline was as low as 4% for 100 ppm feed with pre-treatment and 40% for the feed without pre-
treatment. More importantly, the pre-treatment increased the FRR from 84% to 95% in the case of
200, 300, and 500 ppm feed. The performance of commercial PES membranes was compared with
the fabricated PAI. They exhibited a higher flux recovery ratio (FRR) for the pre-treated feed in
case of low oil concentrations. Higher oil concentrations, however, caused irreversible fouling of
the membrane by pore blocking, as a result of which the FRR was very poor after regeneration.
Therefore, the results indicated an exceptional improvement in flux and FRR for pre-treated oil
emulsions. Also, the PAI membranes exhibited robust performance during the consecutive two
cycles; each provided 100% removal efficiency for oil. The integration of adsorption with naturally
derived eco-friendly and cost-effective wheat straw grafted with PMMA and PAI microfiltration
system offered outstanding oil removal and prolonged the membrane lifespan at the same time as

the membrane fouling was diminished.



Preface

This thesis is an original work by Kavya Suresh. No part of this thesis has been previously
published. highlights the first applications of integrated poly(methyl methacrylate) grafted wheat

straw and polyamide-imide microfiltration membrane for separation of oil and water.

Chapter 2 of the thesis, “Enabling the agricultural waste wheat straw for the economical and eco-
friendly treatment of oily wastewater by simple modification with poly(methyl methacrylate)” ,

has been prepared for submission.

Chapter 3 of the thesis, “Integration of poly(methyl methacrylate) grafted adsorption and
polyamide-imide microfiltration membranes for separation of oil and water”, is also being
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Chapter 1: Introduction

1.1 Background and Overview

In the present era, the pollution of water bodies due to the influx of wastewater from industries
and other point sources has become a serious issue globally. Oil is one of the significant pollutants
resulting in the deterioration of water quality and has raised public concern. The broad list of oily
wastewater generating sources includes oil industries, oil refineries, petrochemical industries, food
industry, dairy industry, and municipal wastewaters [1,2]. Oily wastewaters carry several toxic
and carcinogenic compounds such as benzene, polycyclic aromatic hydrocarbons (PAHs), and
hydrofluoric acid. One of the serious implications of discharge of these lethal compounds includes
ecological hypoxia (oxygen depletion) in water bodies since oil floats on water due to low specific
gravity. This phenomenon leads to the death of aquatic plants and animals. Apart from that, it also
deteriorates the groundwater quality as well as air quality as a result of the evaporation of volatile
compounds into the atmosphere [3]. For countries such as Canada, which holds the world’s third-
largest oil reserves and produces approximately 1.2 million barrels of conventional oil per day, the
need for developing efficient technologies for managing oily wastewater streams is vital. Some of
the stringent standards, including the Canadian regulations for discharge of oil into the sea,
requiring the hydrocarbon content to be less than Sppm in discharge water, also calls for efficient

separation of oil and water from effluents [4].

Most of the industries generate stabilized emulsions that fail to form distinctive layers of oil and
water, thus making separation by gravity settling impossible. Numerous other conventional
methods such as coagulation and flocculation [5], adsorption using granular activated carbon [6],
dissolved air flotation [7], activated sludge process [8] have been applied to separate oil and water.
However, these techniques have limited effectiveness in separating the emulsified oil content with
a droplet size of <20 um [9]. Membrane filtration with pore sizes ranging from micrometer to
nanometer has been acknowledged as a highly efficient technique for separating emulsified oil
[9,10]. High removal efficiency, small footprint, minimal chemical requirement, and the ability to
maintain consistent effluent quality are some of the major benefits of the membrane filtration

process [11]. However, the biggest challenge is the extensive fouling of the widely used polymer



membranes as a result of their intrinsic oleophilic property. This results in cake formation due to
the adhesion of oil on the surface or pore plugging [12]. Even though hydrophilicity can be

improved by surface modification, blending, and grafting, the performance remains limited.

In order to overcome the flux decline by fouling and to augment the membrane lifespan, an ideal
way is to pre-treat the oil containing effluent using a simple technique. Numerous works reported
the improvement in performance in terms of flux and rejection and, more importantly, the
membrane lifespan by having a pre-treatment before membrane filtration [7,13,14]. Integration of
activated carbon and bentonite adsorption system with PES nano-silica membranes were found to
increase the flux significantly by 26.4-30.6% along with providing high rejection of 72% and 90%
for TDS and salinity, respectively [15]. In another work [16], precipitative softening and walnut
shell filtration as pre-treatment for membrane distillation displayed exceptional efficiencies
(>95%) in eliminating volatile and toxic components such as BTEX (benzene, toluene,

ethylbenzene, xylene) from produced water.

The adsorption process is found to be promising as it is a simple, sustainable, and efficient
technique to be used as a preliminary treatment system for membrane filtration. The most common
traditional adsorbent used for oil-water separation is activated carbon. Activated carbon systems,
however, are not economical and require rigorous regeneration of spent carbon due to its highly

porous structure [17-19].

Recent interfacial studies related to adsorption are mainly focused on utilizing natural organic
materials such as agricultural by-products as an alternative to traditional adsorbents. Agricultural
wastes used as adsorbents for treating hydrocarbon-containing effluents include corn straw fibers
[20], rice husk [21,22], cotton fiber [23], and banana peels [24] to name a few. These agricultural
by-products are lignocellulosic. The major highlighting features of these materials are their
abundance, biodegradability, and cost-effectiveness [25]. Apart from these benefits, the
importance of using these materials for treating effluents is to avoid air pollution caused due to
burning of these wastes, which is a common practice in most of the places [20]. Low selectivity
for oil is one of the drawbacks of the natural organic adsorbents [26]. Besides, these materials may
result in secondary pollution of water due to the release of organic compounds contained within

them when used unmodified [1]. One such abundant agricultural waste that can be used as a value-



added product for the application of wastewater treatment is wheat straw. It is a lignocellulosic
biomass that possesses abundant hydroxyl groups on its surface. Hence, this material can be
modified easily to increase the surface specificity for adsorbing target contaminants [18]. Various
chemical modification techniques for lignocellulosic materials with emphasis on increasing
hydrophobicity are available. Acetylation [27], Grafting of hexadecyltrimethoxy silane [28] and
impregnation of silica (SiO2) granules [20] are some of the surface modifications applied on

different types of straw.

Free radical polymerization is a widely used technique to induce cellulose powders with properties
hydrophobicity, thermal stability, mechanical stability, and ion exchangeability [29]. Nevertheless,
it is scarcely explored for modifying agricultural waste materials with lignocellulose. There are
very few works where lignocellulosic biomass grafted with vinyl monomers have been used to
incorporate properties such as flame retardancy [30] and moisture resistance [31-34]. This is a
novel study exploring the combination of an adsorption system consisting of a chemically modified

agricultural waste material as an adsorbent and microfiltration system.

1.2 Membrane filtration for oil and water separation

Membrane filtration, particularly microfiltration, has been found to be very efficient for separating
oil and water [35]. There is a trade-off between flux and rejection when it comes to conventional
polymer membranes [36]. Membranes are classified into four main categories i.e. microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) based on the size of
pollutants they reject (Figure 1.1(a)). In terms of cross-section morphology, membranes are
divided into two types: anisotropic (asymmetric) and isotropic (symmetric) membranes (Figure
1.1(b)). Some of the examples for anisotropic membrane include composite membranes, integrated
asymmetric membranes and supported liquid membranes, and microporous membranes,
nonporous dense membranes, and electrically charged membranes are some examples of isotropic

membranes [37].

A popularly used technique for preparing asymmetric porous polymeric membranes is non-solvent
induced phase separation (NIPS). It is a demixing process bringing about the diffusion of the

solvent into the non-solvent in a coagulation bath resulting in the formation of a porous structure



[12]. The intrinsic oleophilic property of conventional polymeric membranes can be overcome by
endowing the membrane materials with hydrophilic properties through blending with additives
such as nanofillers, surfactants, and polymeric additives, surface coating with hydrophilic layers,
and surface grafting [11,36]. Numerous studies have used blending as a technique to incorporate
hydrophilic additives, copolymers, and nanoparticles to enhance permeation and fouling resistivity
since it is a versatile process. Polyvinylpyrrolidone (PVP) is commonly used as an additive for
polyethersulfone (PES) and polysulfone (PSF) porous membranes. Matsuyama et al., 2003 utilized
PVP while casting a PSF membrane. A highly porous spongy structure was obtained by using PVP
of higher molecular weight and lower diffusivity [38]. In another work by Helali et al., 2020, PAI
microfiltration membranes were prepared by the NIPS technique by adding PVP and poly
(ethylene glycol) (PEG). The PVP and PEG were found to be extremely helpful in achieving an
oil removal efficiency as high as 98% at a high permeation rate of 210 Lm=h! [35]. Yan et al.,
2006 reported an increase in the flux because of the increase in efficient filtration area due to the

addition of as a result of the addition of hydrophilic Al>O3 nanoparticles [39].

1.3 Liquid-solid mass transfer by adsorption

A mass transfer process reduces the concentration of a given component in one stream to increase
the concentration in another phase. The transfer ceases when equilibrium prevails. The basic

principle of any mass transfer process can be represented by [40]:
aC
r=-"Dma (1.1
where, r is the rate of mass transfer per unit time (ML2T!), Di is the co-efficient of molecular
diffusion in the x-direction (L>T"!), C is the concentration of constituent being transferred (ML),

and x is the distance (L).
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Figure 1.1 Schematic representation of the classification of membranes (a), and classification of
membranes based on their morphology (b). Figures are reprinted with permission from [41] and [37].

1.3.1 Mechanism of adsorption

The four main definable steps of adsorption include [29,42]:
a. Bulk solution transport: the adsorbate flows through the bulk liquid by advection and

dispersion to the fixed film of liquid surrounding the adsorbent.



b. Film diffusion transport: the adsorbate diffuses into the entrance of the adsorbent through

the stagnant liquid film.

c. Pore transport: molecular diffusion through the pore liquid of the adsorbate.

d. Adsorption: the final step where the adsorbate adsorbs on the available adsorption sites.
Adsorption forces include dipole-dipole interactions, point charge, and a dipole, point charge-
neutral species, and hydrogen bonding, to name a few. The adsorption process involving
intramolecular bonding interactions such as covalent bonding is considered to be chemisorption.

The remaining processes involving intermolecular interactions are referred to as physisorption
[43,44].
1.3.2 Batch mode of adsorption

The mass balance equation for batch study in which a known quantity of adsorbent is added to the

bulk liquid to understand its behavior at equilibrium is given by [40,45]:

Amount of Initial amount of Final amount of
reactant adsorbed = | reactant within - | reactant within
within the system the system the system

ie,qM=VC, —VC, (12)

where, g,is the adsorbent phase concentration after equilibrium in mg adsorbate/g adsorbent, M is
the mass of adsorbent in g, V is the volume of liquid in the reactor in 1, C, is the initial concentration

of adsorbate in mg/l, Ccis the final equilibrium concentration of adsorbate after absorption in mg/I.

Adsorption isotherms aid in determining the mass of reactant adsorbed per unit mass of the
adsorbent. The resulting function of the amount of adsorbate adsorbed as a function of
concentration and constant temperature is called as ‘adsorption isotherm’. A common protocol to
develop isotherms is to react a given amount of adsorbate in a fixed volume of liquid with varying
amounts of the adsorbent. The loading behavior of the adsorbent as a function of adsorbate

concentration in the aqueous phase is analyzed by well-reported models such as Langmuir and
Freundlich [33,46].



1.3.3 Langmuir isotherm

This mathematical model is defined for monolayer adsorption, i.e., chemisorption as [47,48]:
x abC,

m 1+ bC,

(1.3)

where, x/m is the mass of adsorbate adsorbed per unit mass of adsorbent in mg adsorbate/g
adsorbent, a, b are empirical constants, C. is equilibrium concentration in adsorbate after

adsorption, mg/1.

The main assumptions on which the isotherm is based on are: (a) Adsorption sites possess the same
energy, and the numbers of adsorption sites remain constant (homogenous surface), and (b)
Adsorption is reversible. Therefore, at equilibrium, the rates of adsorption and desorption are

considered the same. A plot of x/m versus Ce is used to obtain the parameters.

1.3.4 Freundlich isotherm

Freundlich model is a more comprehensive isotherm and deals with both homogenous as well as
heterogeneous surfaces. In addition, the model applies for multilayer adsorption, i.e., physisorption

[47,48]. Expression of this model is:

1

e = ch (1.4)
where, K is Freundlich constant related to adsorptive capacity, # is an empirical value which is a

function of the heterogeneity degree of the adsorbent.

1.3.5 Continuous mode of adsorption and mass transfer zone

The continuous mode of adsorption is commonly studied using a column setup. It is known to be
highly efficient than batch mode specifically for understanding the suitability of adsorbents for
large scale applications such as industries. The concentration gradient between the adsorbent and
the bulk liquid is continuous in this mode. Another important factor that makes the analysis in a
continuous mode more critical and reliable is the concentration of the bulk liquid. It decreases
steadily in batch mode, whereas it remains relatively constant in continuous mode. A plot of
effluent concentration as a function of time or volume of effluent gives the breakthrough curve

[49].



The area of adsorbed filter bed in the column where adsorption occurs is referred to as the Mass
Transfer Zone (MTZ) [50]. As the top layers of the bed (initial MTZ) gets saturated with the
contaminants, the MTZ moves down the bed until a breakthrough occurs. Typically, the
breakthrough point is considered to be the one at which the effluent concentration is 5% of the
influent concentration. The length of MTZ is a function of characteristics of the adsorbent as well
as the hydraulic loading rate [51]. The rate-limiting step of the adsorption process is based mainly
on the adsorption mechanism. Accordingly, the shape of the breakthrough curve is a function of
the adsorption mechanism and thus the rate-limiting step. For the case of physical adsorption, the
rate-limiting step will be one of the diffusion transports steps. On the other hand, i.e., for chemical
adsorption, it will be the adsorption step itself. In addition, the size of adsorbent particles, column
geometry, operating conditions, pH, influent concentration, and nature of the adsorbent also play

an important role [52].

1.4 Wheat straw as an adsorbent

Wheat straw is a lignocellulosic biomass in the form of plant material. It is a renewable and
geographically well-distributed crop. The global annual production of wheat straw is as high as
529 million tons [53]. Similarly, according to an article in Canadian Geographic in 2016,
approximately 20 million tons of unused wheat straw is produced every year in Canada. The main
components of wheat straw are cellulose (34-40%), hemicellulose (30-35%), and lignin (14-15%),
respectively [54,55].

The lumen in the straw structure has voids, and the layer below the epidermis consists of tube-like
conducting tissues called the vascular bundles [54]. Cellulose, a long chain of glucose (B (1-4)-
linked) molecules, is the primary component of the cell wall. Hemicellulose is a polysaccharide
responsible for the formation of cross-links between cellulose fibers, microfibrils, and lignin.
Lignin acts as a cellular glue and is mainly responsible for providing compressive strength to the
plant fibers as well as stiffness to the cell wall [56]. As a result, the presence of both hydrophilic

and hydrophobic components makes the straw sparingly soluble in water [27].



1.5 Free radical graft polymerization

In recent years there has been a great practical interest in modifying natural polymers due to their
abundance and number of attractive properties such as plenty of hydroxyl groups. Blending,
grafting, and curing are the three important techniques available to modify polymer properties.
Blending involves the formation of a physical mixture of polymers while curing forms a coating
on the substrate by physical forces. Grafting, on the other hand, results in the covalent bonding of
the monomer onto the polymer chain [57]. Chemical, radiation, photochemical, plasma-induced,
and enzymatic grafting are some of the well-known grafting methods. Among these, the graft
polymerization by chemical modification is a facile way to tailor desired material properties to
specific end uses without significantly altering the natural properties [58]. Free radical
polymerization in chemical redox systems is a highly efficient and promising technique for
grafting vinyl monomers. This technique has been extensively used to incorporate desired
functionalities into lignocellulosic materials [32]. Using ceric ion for initiating the graft
polymerization is very practical and promising, particularly for inducing wetting properties as well
as to achieve enhanced adhesion [59]. Ceric ion, an inorganic metal ion, initiates free radical
formation and tends to promote grafting mainly in the surface regions. In addition, grafting in a
heterogeneous medium takes place mainly in the amorphous regions of cellulose, and hence the
crystallinity of cellulose remains unchanged, with modest changes in the mechanical properties.

This is because the mechanical properties are mainly governed by the crystalline morphology [59].

The macrocellulosic radicals initiated by the chemical redox systems are temperature sensitive and
short-lived [60]. The mechanism of grafting, when the ceric ion is used as an initiator, involves
the formation of a short-lived radical on either carbon C2 or carbon C3 of cellulose after cleavage
of the anhydroglucose ring between them. The carbon on which the radical is not formed undergoes
oxidation. The propagation of the polymer chain will be initiated as a result of a reaction between
the radical and the monomer will be terminated by a reaction with Ce*" of the carbon with radical
and formation of Ce**. The reaction below shows the free radical formation [61].
Ce** 4+ RpolymerOH = complex — R0, 0" + Ce3* + H*

RpolymerO' + M - Reeltutose OM = RpolymerOMM'



When vinyl monomers are used in the solution phase, the morphology and molecular orientation
of cellulose, as well as the extent and rate of grafting, becomes a function of the composition of
the solution. This is most commonly referred to as the Trommsdorff-Norrish effect, also called gel
effect or auto-acceleration [60]. The phenomenon causes a strong deviation in the classical
mechanism behavior of a monomer, such as methyl methacrylate. This, in turn, rapidly increases
the conversion and molecular mass of the polymer produced. The viscosity of the reaction solution
plays a major role in causing the auto-acceleration reaction. Chain termination, as explained
before, is a very rapid reaction occurring at high frequencies (about 1 in 10* collisions). The
increased viscosity of the reaction due to the increase in the concentration of previously formed
polymer, in addition to the restriction of Brownian motion of the larger molecules in the highly
viscous solution, drastically reduces the collisions between the free radical chains [62]. Hence,
diffusion limits the rate of termination. The temperature of the reaction and rate of stirring by the
reaction solution are two highly significant parameters that need to be optimized in a heterogenous

free radical reaction to avoid the gel effect along with the formation of a homopolymer [63].

1.6 Literature Review

Chemical modification of wheat straw is highly necessary to treat chemically stabilized oil-water
emulsions. The raw wheat straw has displayed satisfactory performance only in the removal of
floating oil [64]. In the literature, many studies are available on utilizing chemically modified
lignocellulosic biomass for dye removal and heavy metal removal by ion exchange. Cationic
surfactants such as hexadecyl trimethyl ammonium bromide have been used to remove anionic
dyes like congo red [17]. Cationic surfactant hexadecyl pyridinium chloride monohydrate has been
used to enhance the oil sorption capacity of wheat straw. In a study [27], acetylated rice straw was
modified by treating straw with acetic anhydride with and without tertiary amine catalysts in a
solvent-free treatment system. The catalysts facilitated the increase in weight percent gain of the
sample by approximately 4%. The adsorption of oil was as high as 24 g of oil/g of straw. However,
the potential of acetylated wheat straw was only tested for the removal of floating oil, focusing on
the application of oil spill cleanup. According to our knowledge, there is only one study to date on
synthesizing poly(methyl methacrylate) grafted rice straw (PMMA-g-RS) [30]. The authors
mainly focused on analyzing the thermal behavior, tensile properties, and flame retardancy of the

sample in order to use it as a roofing material. The PMMA-g-RS was fabricated using
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CuSOs/glycine/ammonium persulfate in aqueous medium for two cases with and without the
addition of sodium silicate (SS). The modified PMMA-g-RS/SS composite was found to have high
tensile strength of 45.7 N/m?. The water absorbency percentage of the modified sample was as low

as 25%.

In another study, a superhydrophobic/superoleophilic corn straw fiber was fabricated for oil spill
removal. The fibers were impregnated with SiO; granules. In addition, heptadecafluoro-1, 1, 2, 2-
tetradecyl trimethoxysilane was used as a coupling agent to graft with SiO: particles. More
importantly, the fibers were pre-treated with 0.5 wt% NaOH and 30% H>O: to extract resins and
other impurities on the straw surface. This helped in obtaining a large number of exposed hydroxyl
groups on the fiber surface, thereby increasing the percentage grafting of SiO; as well as
hydrophobicity [28]. Graft polymerization, in contrast to other modification techniques, helps in
the formation of an ester bond between cellulose and PMMA with exceptionally high

hydrophobicity along with chemical, mechanical, and thermal stability.

1.7 Objectives

In this thesis, a thoughtful contribution is being made to the area of oily wastewater treatment and
solid waste management. One of the abundant agricultural waste biomasses, wheat straw, is being
utilized to pre-treat the microfiltration feed. Herein, the adsorption behavior of the biodegradable
PMMA-g-WS is studied systematically in both batch and continuous modes. Therefore, this thesis
provides a complete idea about the efficiency of this material in terms of its equilibrium adsorption
capacity, breakthrough time, chemical stability, and recyclability. Polyamide and polyamide
amorphous polymer with outstanding thermal, mechanical, and chemical properties and highly
polar additive PVP has been used to fabricate microfiltration membranes. Since traditional
polymeric membranes are highly prone to fouling by oil, the effect of pre-treatment by adsorption
using chemically modified wheat straw was analyzed on the performance of commercial
membranes as well.

The main objective of the research is to develop a novel hybrid agricultural waste-based adsorption
and microfiltration system for oil and water separation. The hydrophobicity of wheat straw was

improved by grafting a methyl methacrylate by free radical graft polymerization technique and
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synthesis of the PAI membrane by phase inversion technique. The goal was achieved in two

phases:

1. Investigation of the equilibrium adsorption capacity in batch mode: The effects of initial oil
concentration, adsorbent dosage, and contact time were investigated. Adsorption isotherms
were applied to determine the equilibrium adsorption capacity as well as the nature of
adsorption.

ii.  Investigation of the kinetics of adsorption and breakthrough time: This evaluation was
performed in a continuous flow column setup. The dynamic equilibrium performance and
reusability of PMMA-g-WS for the treatment of oil-in-water emulsions were evaluated.
Later, the system was integrated with microfiltration using both PAI and commercial
polymeric membranes.

The performance of the membranes with and without pre-treatment of different
concentrations of oil emulsions was analyzed and compared to obtain insights on the effect

of pre-treatment on flux decline and flux recovery and hence the membrane reusability.

1.8 Thesis outline

Chapter 1 of the thesis provides an overview of the importance of treating hydrocarbon containing
waste streams, conventional methods used for separating oil and water, and their drawbacks have
been discussed. The significance of membrane filtration in separating emulsified oil and the need
for a pre-treatment system such as adsorption and some of the fundamental aspects of both
adsorption and membrane filtration has been included. The chapter also provides insights on some
of the research studies relevant to oil and water separation by chemically modified lignocellulosic
materials, phase inversion membranes, and the combination of membrane filtration with different

preliminary treatment systems.

Chapter 2 is on the preparation of PMMA grafted wheat straw by free radical graft polymerization
in a heterogeneous medium using CAN as an initiator to increase the hydrophobicity of the
material. The equilibrium adsorption study and kinetic studies in batch mode to determine the

adsorption capacity and rate of adsorption are the main highlights of this chapter.
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Chapter 3 is on the application of integrated PMMA-g-WS in the continuous mode of adsorption
and the PAI membrane in the dead-end mode for efficient separation of oil and water. The
breakthrough curves of adsorption for different oil concentrations and reusability of the PMMA-
g-WS has been analyzed. The performance of PAI and commercial polymeric membranes were
compared for treating oil emulsions with and without pre-treatment. The permeation and fouling

resistance of both the membranes were systematically analyzed.
Chapter 4 provides a summary of the major findings, along with a brief discussion. In addition,

based on some important observations/understandings during the course of study, some ideas that

can be incorporated in the future have been laid out.
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Chapter 2: Enabling the agricultural waste wheat straw for the
economical and eco-friendly treatment of oily wastewater by simple
modification with poly(methyl methacrylate)

2.1. Introduction

Water pollution due to the influx of wastewater originated from industries or other point and
nonpoint sources of contaminations has always been a global concern, which is augmented by
today’s rapid growth in population and their increasingly luxurious lifestyle. Oily wastewater
discharged from oil/gas and petrochemical industries, commonly termed as produced water, poses
a major threat to water bodies since it carries several toxic and carcinogenic compounds such as
benzene, phenol, and polycyclic aromatic hydrocarbons (PAHs) that can take a death toll on
aquatic lives. The low specific gravity of oil results in the formation of an oil film on the surface
of the water. One of the serious implications of the formation of oil film on the water is ecological
hypoxia. The impedance of solar light penetration by the colored PAHs floating on the water can
also obstruct the photosynthesis process in algae and aquatic plants, leading to an imbalanced
ecosystem. Apart from that, the discharge of oily wastewater on land can potentially contaminate
soil, groundwater, and air. For countries such as Canada, which holds the world’s third-largest oil
reserves and produces approximately 1.2 million barrels of conventional oil per day, the
development of efficient and economic oily wastewater treatment technology is pivotal for the
sustainable growth of its oil industry. Plenty of value-added schemes can be considered to reuse
the reclaimed water, including industrial reuse (e.g., cooling towers and boiler makeup water),
urban reuse (e.g., golf courses and recreational field irrigation), agricultural reuse, recreational and
landscape impoundments, snowmaking, and environmental reuse (e.g., wetlands, river or stream
flow augmentation). The maximum oil concentration limit in the reclaimed water should be very
low or almost nil for various applications. For example, the US EPA (the United States
Environmental Protection Agency) limits the oil concentration in the range of 0.2-1 ppm for boiler
operations. Canadian regulations also require the oil concentration to be <5 ppm before the

discharge of the oily wastewater into water bodies [4].
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The past few decades have witnessed a significant advancement in process and technology
development in the essence of exploring efficient, economic, and environmentally friendly oily
wastewater treatment techniques, some of which include adsorption-based filtration [65],
dissolved air flotation (DAF) [66], gravity coalescer [67], advanced oxidation process (AOP) [64],
electro-coagulation and electro-oxidation [68], activated sludge process [8], and membrane
separation [69]. However, any individual technique is not sufficient to achieve high-quality of the
reclaimed water and is chemically and energetically demanding and time-consuming. Membrane
separation is a stand-alone technique for the separation of any type of contaminants, irrespective
of their size and/or chemical characteristics, yielding high-quality reclaimed water with minimal
chemical footprint. However, membrane fouling caused by a high concentration of oil, organic
matter, and microorganisms present in oily wastewater streams dramatically reduce the life span
of the membrane and require frequent chemical cleaning, which diminishes its advantages.
Therefore, a hybrid treatment technique integrating a pre-treatment system along with and
membrane separation is found to be practical. Membrane bioreactor, for example, is widely used
as a hybrid technique for the treatment of municipal and industrial wastewater [70], [71,72].
However, the biological treatment based on the activated sludge process involved with membrane
filtration needs longer stabilization times. Also, the biomass present in the system may cause
extensive fouling of the membrane surface [73]. A study on the treatment of oily wastewater using
a hybrid system consisting of a coagulation process and a membrane filtration process
demonstrated a robust system with high effluent quality [5]. Pre-treatment of the effluent using the
coagulation process before subjecting to membrane filtration reduced the fouling load on the
membrane allowing a high-throughput filtration capacity. It also allowed the production of a high-
quality permeate featuring oil removal efficiencies of 98.5% and reduction in chemical oxygen
demand (COD) by 95.2%. However, the chemical coagulation is a tedious process and adds further
chemical footprint to the hybrid process. Meanwhile, electrocoagulation (EC) and a nanofiltration
(NF) membrane integrated hybrid process was used to treat bilge water containing oil and grease
[13]. While EC alone provided only ~50% lowering of COD in the treated water in a 90-minute
treatment time at applied voltage of 10.45 V and pH = 8, the integrated hybrid system lowered the
COD up to 26%. However, electrocoagulation as a pre-treatment technique is not economically

and technologically feasible for large scale applications.
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The adsorption process is a promising pre-treatment technique since it is a simple, sustainable,
cost-effective process. It is also found to be efficient in removing free, dispersed, and emulsified
oil. The adsorption-based technique is also suitable for the treatment of diluted effluents [18] [74].
The most common traditional adsorbent used for oil-water separation is activated carbon (AC).
Activated carbon systems, however, are not economical and require rigorous regeneration of spent
activated carbon due to its microporous structure [19]. Apart from that, its major drawback would
be the carbon footprint being seriously destructive for the environment. One estimation shows that
the consumption of each kg of AC can release approximately 0.7 kg of carbon dioxide with the
embodied energy of around 70 MJ [75]. Other synthetic high-performance adsorbents such as
graphene-based materials and carbon nanotubes are complicated and expensive to prepare and also

characterized by their high carbon footprint [76].

In the context of exploring cheaper, environmentally benign, and low carbon-emitting adsorbents,
recent research focus has largely been subjected to utilizing renewable natural organic materials,
such as agricultural by-products, as an alternative to traditional adsorbents. It is undoubtedly wise
to develop processes that can resolve diverse issues at the same time. One such process
development would be utilizing a waste by-product to treat another waste since it would
simultaneously resolve the challenges of waste management involved in both cases. Agricultural
wastes used as adsorbents for treating hydrocarbon-containing effluents include rice husk [21],
wheat straw, cotton fiber [23], and banana peels [24] to name a few. The outstanding advantages
of using such lignocellulosic biomasses are their abundance, biodegradability, and cost-
effectiveness. Apart from these benefits, the importance of using them for treating effluents is to
avoid air pollution caused due to burning of these wastes, which is a common practice in most of
the places [77]. Another notable advantage of these biomasses is their low carbon footprint [75].
On the other hand, the low absorptivity of oil is one of the major drawbacks of these natural organic
adsorbents [26]. These materials can also result in secondary pollution by releasing their
constituent organic compounds when used in the pristine form [1]. Therefore, it is necessary to
explore simple chemical modification methods that can enhance the oil absorptivity and prevent

secondary pollution while retaining the cost-effectiveness and biodegradability.
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Among the variant of natural bio-adsorbents, wheat straw is unique due to its highest abundance,
relatively higher structural stiffness, and well-studied chemical structure and surface reactivity.
The structural stiffness of wheat straw makes the pulverization process easy to obtain desirable
particle sizes. The availability of information on its chemical structure and surface reactivity
facilitates the design of structural and surface modification methods that are suitable for adsorbing
target contaminants [18]. Numerous reports have appeared on utilizing chemically modified straw
for heavy metal removal [78] and dye removal [79]. A few studies also demonstrated the
application of chemically modified wheat straw for oil adsorption. Some of the common surface
modification methods applied on straw for oil adsorption include surfactant modification,
acetylation [27], hexadecyl trimethoxy silane modification [80], and impregnation of silica (SiO,)
granules by heptadecafluoro-decylalkyl trimethoxysilane coupling agents [20]. The surfactant
modification is based on the electrostatic interaction of the cationic ends of the surfactants and the
negatively charged sites of the adsorbent surface, leaving the surfactants susceptible to leaching
into the permeate water. Meanwhile, the acetylation and silane coupling reactions form ester and
silyloxy bonds, respectively. These bonds are susceptible to hydrolysis under acidic or basic pH,
making these surface modifications undesirable for the long-term treatment of alkaline oily
wastewater, such as oil-gas produced water having pH in the range of 9-11. These reactions also
required a large excess of chemicals that increased the chemical footprint. The fluoro silane
modification for the SiO, impregnation approach also alters the biodegradability of the straw, and
the use of halogenated compounds should be avoided since these are deleterious for the
atmosphere. In this context, it is important to explore surface modification methods that can retain
the original properties of the waste biomass. Polymer grafting by free radical polymerization is a
popular technique since it is straightforward, chemically less demanding, cost-efficient, and does
not alter the original properties of the material being grafted [60,81]. Grafting of various polymers
on cellulose through free radical polymerization is widely used to induce hydrophobicity, thermal
stability, mechanical stability and ion exchange properties [82]. However, free-radical mediated
polymer grafting is scarcely explored for the modification of lignocellulosic biomasses such as
wheat straw. Poly(methyl methacrylate) (PMMA) grafting has previously been used to increase
flame retardancy [30] and moisture resistance of lignocellulosic biomasses [32,34,48].

Surprisingly, PMMA grafted biomasses (e.g., wheat straw) was not utilized for oil water separation
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despite of having relevant favourable properties, such as lower price, hydrophobicity, resistance

to acid/base hydrolysis, biocompatibility, and reasonable biodegradability of PMMA.

In this study, PMMA grafted wheat straw (PMMA-g-WS) was explored for the adsorptive pre-
treatment process to separate oil from oil-water emulsions. At first, the raw dried straw was
mechanically ground into 250-425 pm size particles to increase the adsorptive surface area and to
enable tight packing of the adsorption column bed. Then, the straw was pre-treated with alkaline
hydrogen peroxide to remove the wax, resins, and lignin. The sub-objectives applying the pre-
treatment were: (a) exposing the surface hydroxyl groups that are otherwise covered under the wax
layer, and (b) increasing the adsorptivity of oil by creating enhancing the surface roughness.
Cerium Ammonium Nitrate (CAN) has been chosen as the reaction initiator since it helps to graft
polymers predominantly on the surface and to simplify the modification reaction by allowing it to
be performed in an aqueous medium without the use of stringent inert atmospheric conditions such
as that required for atom-transfer radical polymerization (ATRP) [17,83]. The success of PMMA
grafting was assessed by attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy and Energy-dispersive X-ray (EDX) spectroscopy. The percentage of PMMA
grafting was evaluated by gravimetric analysis. Surface morphology was evaluated by scanning
electron microscopy (SEM). Surface wettability was analyzed by water and oil contact angle
measurements, while oil removal efficiency and adsorption capacity were studied by batch oil
adsorption experiments. Langmuir and Freundlich isotherms were applied to understand the
adsorption mechanism. Finally, adsorption kinetics was studied by applying pseudo-first-order and

pseudo-second-order kinetic models.

2.2 Experimental

2.2.1 Materials and Chemicals

Wheat straw was obtained from a farm in the Edmonton area. Methyl methacrylate (MMA) (99%),
cerium ammonium nitrate (=98%), and nitric acid were all obtained from Sigma Aldrich and were
used as received. Acetone and methanol used for the purification of grafted material were
purchased from Fisher Scientific. Ethanol (95%) used for the regeneration of the spent column was

procured from Fisher Scientific. Sodium hydroxide pellets and hydrogen peroxide (30%) used for
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the pre-treatment of straw particles prior to grafting were purchased from Fisher Scientific. Diesel

oil was obtained from a local fuel station.

2.2.2 Pre-treatment of wheat straw

Wheat straw was pulverized and sieved through 60 and 80 mesh screens to obtain particles in the
size range of 250-425 um. The particles were rinsed ultrasonically with deionized (DI) water,
followed by ethanol and DI water washing. Each 4g of wheat straw particles was treated with 100
ml of 0.5 wt% NaOH and 3.5 ml of 30% H,0,[20]. The solution was stirred for 14 h at ambient
temperature. The unreacted reagents and by-products were removed by thoroughly rinsing the pre-
treated particles with DI water and ethanol. Any excess alkaline residue in the solution was
neutralized by adjusting the pH in the range of 6.5-7.0 using 6 mol/l HCI. At last, the pre-treated
particles were rinsed thoroughly with DI water and dried at 40 °C until a constant weight was

reached.

2.2.3 Preparation of PMMA-g-WS

The pretreated wheat straw was dispersed in a fixed volume of DI water. The volume of DI water
was optimized during the initial reactions with the intention of keeping the amount of solvent as
low as possible to disperse the straw particles, maintaining good miscibility of all the reagents,
providing favorable reaction kinetics, and facilitating the precipitation of PMMA grafted particles
from the reaction mixture which helps the visual preliminary interpretation of the success of the
reaction and ultimately eases the purification process. The dispersion was stirred at 70 °C for 1 h
under nitrogen atmosphere. Following that, MMA was added dropwise using a syringe, and the
reaction mixture was stirred at 350 rpm. Finally, 10 ml of 2 mmol/l of CAN solution, prepared by
dissolving CAN in 0.1 mol/l nitric acid, was added to the mixture and stirred under the nitrogen
atmosphere. The weight ratio of WS/MMA was varied from 0.75 to 3.65 in order to optimize the
amount of MMA required for the effective grafting of PMMA. The mixture was cooled down to
room temperature, and the grafting was terminated by pouring the mixture into excess methanol
solution, followed by washing the precipitated PMMA-g-WS granules with DI water. The grafted

particles were then dried at 40 °C until a constant weight is reached. The ungrafted homopolymer
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was extracted using acetone in a Soxhlet apparatus. The extracted sample was dried at 40 °C for
24 hours. The grafting percentage (Gp) was calculated as [84]:

Gp =W%1W1x 100 2.1)

where, W, is the initial weight of wheat straw particles in g, and W, is the weight of PMMA-g-
WS particles in g.

2.2.4 Characterization of PMMA-g-WS

The grafting of PMMA was evaluated by comparing the ATR-FTIR (Bruker, Equinox 55)
frequencies of PMMA-g-WS with that of raw and pre-treated WS. The surface morphology was
analyzed by scanning electron microscopy (SEM), and the elemental composition was determined
by Energy-dispersive X-ray (EDX) spectroscopy. The wettability of the samples was analyzed by
measuring contact angles by the sessile drop method (Kruss GmbH). The wheat straw samples
were pressed and compacted using an FTIR pellet press at room temperature to obtain pellets with
approximately 5 mm diameter [85]. The pellets were firmly fixed on a glass side using double-
sided tape. A 2ul droplet of water or oil (diesel) was placed on the sample surface using a syringe,
and the measurements were taken at three different points to obtain an average value. The surface
area of the pristine, pre-treated, and PMMA -g-WS particles was analyzed using Brunauer-Emmett-
Teller (BET) theory, and pore size distribution was analyzed with DFT (Density Functional
Theory) by outgassing the samples with nitrogen at 150 °C for 2 hrs (Quantachrome Autosorb iQ).

2.2.5 Preparation of oil-in-water emulsions

Three different concentrations (100, 200, and 300 ppm) of oil-in-water emulsions were prepared
by placing 100, 200, and 300 mg of diesel in 1 L of DI water followed by probe sonication (Cole-
Parmer ultrasonic processor) for 15, 25, and 35 min respectively at 60% amplitude in pulse mode
(3s on and 1s) [86]. Following that, the solutions were homogenized (Fisherbrand™ 150) at 10,000

rpm for 15 minutes. The stability of the emulsions was assessed by visually monitoring for 24 h.
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2.2.6 Emulsion characterization

Dynamic light scattering technique (DLS, ALV/CGS-3 Compact Goniometer) was used to
determine the size distribution of oil droplets in the emulsion. The oil emulsion of 100 ppm
concentration was found to be monodisperse with a droplet size of 0.47 um. The monodispersity
of the solution is believed to be because of the low concentration of oil, in addition to the large

specific surface area of the oil droplets due to their sub-micron size [87].

2.2.7 Batch adsorption study

Oil removal efficiency and adsorption capacity of the pristine, pre-treated, and PMMA-g-WS were
studied by batch adsorption experiments. Three different variables considered for the adsorption
study were the initial oil concentration, the adsorbent dosage, and the contact time. The
experiments were carried out by varying the adsorbent dosage from 5 to 25 mg for each initial oil
concentrations of 100, 200, and 300 ppm, respectively. Centrifuge tubes with a capacity of 50 ml
were filled with 40 ml of emulsion and mixed at a constant shaking speed (160 oscillations/min)
using a mechanical shaker (Eberbach 6000), for a total time of 60 minutes. The PMMA-g-WS
samples were then centrifuged at 1000 rpm, and the remaining oil concentration was analyzed by
measuring the scattering at 290 nm with a UV-visible spectrophotometer. A control sample
containing only the emulsion was also tested.

The adsorption capacity and oil removal efficiency were calculated using the formulas [86]:

(Co—Cp) V
Gt A 22
=", (2.2)
RE = % x 100 (2.3)
0

where, C,is the initial oil concentration (ppm), C; is the oil concentration at time t (ppm) after

adsorption on WS samples, V is the volume of emulsion (ml), and W, is the mass of adsorbent
(mg).
2.2.8 Adsorption isotherms

Adsorption isotherm models were used to graphically represent the equilibrium relationship of the
adsorption process. It describes the amount of oil being adsorbed by the WS samples as a function

of adsorbent concentration at a constant temperature.
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2. 2.8.1 Langmuir isotherm

This model is mainly defined for monolayer adsorption [47] where the following assumptions are
considered: (a) adsorption sites possess the same energy, and the number of adsorption sites
remains constant (homogenous surface), and (b) adsorption is reversible. Therefore, at equilibrium,
the rates of adsorption and desorption are assumed to be the same. The linearized form of the
Langmuir equation is given by:

Ce 1 Ce
Coo 1yl 2.4
de dmb dm ( )

where, C, is the concentration of oil (ppm) at equilibrium, g is the value of q at equilibrium (mg),
qm 1s the mass of adsorbate adsorbed per unit mass of adsorbent (mg adsorbate/g adsorbent), and
b is an empirical constant. A plot of C./q. versus C. is used to determine the mechanism of

adsorption.

2.2.8.2 Freundlich isotherm

Freundlich model is a more comprehensive isotherm and deals with both homogenous and
heterogeneous surfaces. In addition, the model applies for multilayer adsorption, i.e., physisorption
[47]. The expression of this model is given by:

q. = KC" (2.5)
where, K is Freundlich constant related to adsorption capacity, and # is an empirical value which
is a function of the degree of heterogeneity of the adsorbent. The intercept of the plot of log ¢.

versus log C, gives K and 7.

2.2.9 Adsorption kinetics

Pseudo-first order and pseudo-second-order kinetic models are widely applied to understand the
behaviors involved in the uptake of pollutants by adsorbents. The experimental data obtained by
varying the contact time at five minutes intervals using an initial oil concentration of 300 ppm,
WS samples dosage of 5 mg, and shaking speed of 160 oscillations/min were analyzed by plotting

a linear fit. The pseudo-first-order kinetic equation in linear form is given by [86]:

ln(qe - qt) = lnqe —kjt (2.6)
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where, ¢,1s adsorption capacity at time t (mg/g), k; is the pseudo-first-order rate constant (min!).
The plot of In(g.-q,) versus t was used to determine k;.

The pseudo-second-order kinetic equation in linear form is given by:

t 1 t
qt k203 ' qe

2.7)

where, k, is the pseudo-second-order rate constant (g/mg min). A linear fit of #/g, versus ¢ was

applied to obtain k, and ¢, from intercept and slope, respectively.

2.3 Results and Discussion

2.3.1 Pre-treatment of raw WS and PMMA grafting via radical initiated polymerization

The mechanism of grafting with ceric ion (Ce*") as an initiator involves the formation of an
intermediate complex with the cellulosic units and results in a macrocellulosic short-lived radical
on either carbon C, or carbon C; hydroxyl groups of cellulose (Figure 2.1). The polymeric chains
will be incorporated onto the cellulose backbone at these active sites resulting in the formation of
the graft copolymer. The propagation of the polymeric chain will be initiated by the reaction
between the macrocellulosic radical and the monomer. The reaction terminates when the polymeric
radicals react among themselves or react with Ce*", resulting in the regeneration of active Ce**
species. However, the fibrous cellulose in the WS cell wall needs to be exposed by following a
pre-treatment process. Moreover, pre-treatment is also necessary to increase the surface roughness
by removing lignin and hemicellulose intercalated between the cellulose fibers. Higher surface
roughness and pore volume are essential to enhance the oil adsorption. Lastly, pre-treatment is
also required to remove surface adsorbed wax and resins that can leach and lead to secondary
pollution during the wastewater treatment process. A simple one-step economical pre-treatment of
WS, using a mixture of 0.5 wt% NaOH and 30% H,0O,, is shown to be effective in serving all the
purposes described above [29]. Figure 2.1 shows pre-treatment derived degradation of cell walls,

exposure of internal cellulose fibers, and extraction of lignin and hemicellulose.
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Figure 2.1 Structure of lignocellulosic WS, the pre-treatment process to expose the embedded fibrous
cellulose, and the mechanism of graft copolymerization of PMMA on the exposed fibrous cellulose [71].

2.3.2 Optimization of monomer concentration

The significant parameters that influence the grafting percentage (Gp) include reaction time,
initiator concentration, monomer concentration, and reaction temperature. The effect of these
parameters on the efficiency of CAN initiated polymerization has been extensively studied by
many researchers. Therefore, reaction time, temperature, and initiator concentration were chosen
from previous literature, and this study focused on the effects of monomer concentration on the
grafting percentage of PMMA since the objective was to use the minimum amount of monomer to
enhance the cost-efficiency of the straw modification. Moreover, monomer concentration is the
predominant parameter that defines the graft percentage of CAN initiated polymerization. The
concentration of monomer significantly affects the dilution of macrocellulosic radical sites,
miscibility of the reagents, viscosity of the reaction medium, and availability of the monomers in
the vicinity of macrocellulosic radicals. The weight ratio of WS/MMA varied from 0.75-3.65, and
the highest graft percentage of 127% was obtained for the WS/MMA ratio of 1.25. The increase

in the monomer amount from 2.6 ml of MMA to 5 ml and then to 8 ml increased the graft
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percentage of PMMA. However, a further increase in the monomer concentration up to 13.3 ml
caused a downfall in the PMMA graft percentage. This lowering in the percentage of grafting at
high monomer concentration can be associated with the dilution of the WS, increased phase
separation between the solvent water and monomer, and the higher viscosity of the reaction
medium that ultimately slows down the diffusion of the monomer to the active sites. The WS with
the highest PMMA grafting percentage of 127% was used for all relevant characterization and oil

adsorption studies.

2.3.3 Characterisation of adsorbents

A concise knowledge of the surface morphology, porosity, microstructure, and chemical
composition of an adsorbent is critical for any adsorption study. The BET method is widely used
to assess the surface area of non-porous, macroporous, and mesoporous materials with pore width
>4nm [88]. The surface area and pore width of all the three samples are presented in Table 2.1.
The shape of the hysteresis loops in Figure 2.2 and the pore width values clearly indicate the
predominance of mesopores in the straw structure. The International Union of Pure and Applied
Chemistry (IUPAC) isotherm type IV(a) and (b), therefore, comes into the picture [43]. The pore

width >4nm, as determined by DFT, substantiates this explanation.

The type (IV) isotherms are usually observed for materials with complex pore system. The
morphology of the materials shows a highly diverse distribution of pores and hence indicates that
the material indeed has a complex porous structure. The shape of the hysteresis loop for pristine
straw mostly correlates with type H2(a) hysteresis, since the desorption curve is steep [88], the
reason being a wide distribution of pore cavity compared with the neck distribution. The structure
of the tubular vascular interconnected vessels with numerous pits at each node (Figure 2.2) justifies
this finding.
Table 2.1 BET surface area and pore width of pristine, pre-treated and PMMA-g-WS

Sample BET surface area Pore size
(m*/g) (nm)
Pristine 3.84 1.6-6.5, 7-20, 26-32
Pre-treated 2.60 1.6-5, 10-24, 26-34
PMMA-g-WS 2.99 1.6-4,4-12, 28-32
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Figure 2.2 Cumulative surface area (a, b, ¢), and adsorption/desorption curves of nitrogen for pristine, pre-
treated, and PMMA-g-WS (d, e, f).

26



On the other hand, the shape of the DFT results also indicates that the pristine sample has a large
number of mesopores compared to the pre-treated and PMMA-g-WS. The hysteresis loop shape
for pre-treated and PMMA-g-WS also indicates type H2(a), but with cavitation [89]. This means
that the smaller pore size at a certain critical temperature and adsorption is resulting in desorption
through cavitation. This can be justified by the fact that the pre-treated and PMMA-g-WS contain
numerous micropores along with mesopores in contrast to the pristine straw. Hence, the micron-
sized pores are causing cavitation in these samples. The surface area of the samples is in the order
pristine>pre-treated>PMMA-g-WS. This trend is mainly believed to be due to the kinetic

restrictions associated with the flow of nitrogen into narrowest micropores (<0.45 nm).

Nitrogen is at times inappropriate for analyzing micropores, and also the interaction of nitrogen
with non-polar surface functionalities, like in our case, the grafted PMMA, can lead to inaccurate
surface area values as these interactions may shift the pore filling pressure of nitrogen to very low
relative pressure (P/P, = about 107). Hence, P/P, does not correlate with the micropore sizes in
these cases. Carbon dioxide and argon adsorption are said to be highly efficient in analyzing ultra-
micropores and micropore, respectively, due to significantly less interaction with surface moieties

and smaller kinetic diameters compared to nitrogen.

The SEM micrographs (Figure 2.3) display the distinctive fibrous microstructures and the surface
morphology of the pristine, pre-treated, and PMMA grafted wheat straw. At lower magnifications,
the structure of the pristine, pre-treated, and PMMA-g-WS samples looked similar. This indicated
that the overall original structure of the wheat straw was retained. The micrographs at higher
magnifications clearly displayed the differences between the three samples. While the pristine
straw exhibited a homogenous, smooth surface with a hollow tubular structure, the pre-treated
straw sample exhibited a loose and fibrous structure with increased porous structure opened along
the pore walls indicating that the alkaline hydrogen peroxide pre-treatment was effective to
increase the surface roughness and porosity. Note that the internal pore walls of the raw WS is
predominantly hydrophilic and used for the transport of water; these pores are, therefore, not
accessible to oil due to the limited capillary penetration and needs to be opened from the sides of
the pore walls to allow access to oil. The PMMA grafted WS samples exhibited an undulant coarse

surface and a mesh-like texture among smoother domains of PMMA, indicating the presence of a
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percolating network. Similar observations were reported for grafting PMMA on Agave americana
fibers [90]. In addition, the magnified SEM image of PMMA-g-WS shows exposed vessels that
are a part of the vascular tissue xylem. They are composed of numerous bridging fibrils which
conducts water through the plant body. The microporous structure of the PMMA-g-WS is also
showcased by the profuse vessel to vessel pitting [91]. The breaking down of PMMA-g-WS into
smaller sizes, the formation of percolating network and exposed vessels, and the vessel to vessel
pitting are all beneficial for enhanced oil adsorption. The elemental composition of pristine, pre-
treated, and PMMA-g-WS is evaluated by EDX analyses (Figure 2.3). The main elements existing
in the pristine WS are carbon (C, 35.2%), oxygen (O, 47.1%), and silicon (Si, 17.7%). Carbon and
oxygen are originating from basic compositional polymers (i.e., cellulose, hemicellulose, and
lignin) of WS as well the wax and resins of the cell walls. Meanwhile, silicon is originating from
the abundant silica in the plant cell walls accumulated by the absorption of silicon from the soil
[92,93]. In contrast to the pristine straw, the percentage of silicon is negligible in pre-treated straw.
This indicates that the alkaline hydrogen peroxide pre-treatment removes the silica from the cell
wall, almost completely leaving behind the empty cavities, which are essential for higher oil
adsorption capacity [92]. Moreover, the C/O ratio in the pre-treated WS is 1.14, which is very
close to the C/O ratio of 1.2 in cellulosic repeating units, meaning that alkaline hydrogen peroxide
pre-treatment effectively removed wax, resins, silica, lignin, and hemicellulose leaving mostly the
cellulosic fibrous structure. The removal of these materials is essential to eliminate the materials
responsible for secondary pollution, expose the reactive surface sites, and increasing pore volumes
for oil adsorption. Meanwhile, the C/O ratio in the PMMA-g-WS is twice that in the pre-treated
WS, indicating the considerable grafting of PMMA onto the fibrous cellulose backbone; the
efficient grafting of PMMA are essential for the hydrophobization of the fibrous cellulose to
effectively utilize the exposed surface and pore volumes for the oil adsorption. The observation in
the changes in the elemental composition upon PMMA grafting is consistent with a previous study

in which PMMA grafted rice straw has been used as a roofing material [30].
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Figure 2.3 SEM micrographs at lower and higher magnifications, and EDX results of pristine, pre-treated,
and PMMA-g-WS. The hollow tubular structure of the pristine straw and porous structure with increased
surface roughness and loose fibers of pre-treated straw are easily visible. The PMMA-g-WS sample
possessed vessels with numerous micropores.

The success of pre-treatment and subsequent PMMA grafting was evaluated by the disappearance
of characteristics pristine WS vibration modes and the appearance of characteristicc PMMA
vibration modes in the FTIR spectrum of pre-treated WS and PMMA-g-WS, respectively (Figure
2.4). The carbonyl (C=0) stretching vibration due to the carbonyl groups of wax, hemicellulose,
and lignin around 1750 cm! in pristine straw is almost absent in pre-treated straw. This can be
attributed to the extraction of wax, hemicellulose, and lignin during pretreatment [55]. A dominant
peak at 1049 cm™! is for the C-O stretching vibration of the C-O-C ether linkage and C-O-H bonds
and the second dominant peak in between 3100-3600 cm-1 is for the O-H stretching vibrations of
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the hydroxyl groups of cellulose, hemicellulose, and lignin present in pristine WS. [94]. The
intensity of these peaks became more pronounced in the FTIR spectrum of pre-treated WS, further
supporting that pre-treatments removed other species leaving the cellulose fibrous structure
predominantly since cellulose units contain more OH functional groups and ether linkage than
those present in lignin and hemicellulose. Lastly, the intensity of the hydroxyl group’s peak
declined significantly after grafting of PMMA on the pre-treated sample as a result of their
participation in radical creation that reacted with the monomer and the subsequent replacement
with PMMA. Moreover, the evolution of new prominent peaks centered at 1720 and 1187 cm! are
assigned to C=0 and C-O stretching vibration modes of the ester groups, respectively, which are

characteristics vibration modes of PMMA and confirm the success of PMMA grafting.
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Figure 2.4 FTIR spectra of pristine, pre-treated, and PMMA-g-WS samples.

It is well-known that the surface roughness and surface hydrophilicity/hydrophobicity are the main
two influential parameters that determine the surface wettability. Moreover, surface wettability is
a crucial parameter for understanding the affinity of the adsorbent to diesel oil as well as water.
Meanwhile, the pre-treatment and subsequent PMMA grafting increases the surface roughness
and/or hydrophobicity of WS. Therefore, the surface wettability of pristine, pre-treated, and
PMMA grafted WS was evaluated by measuring the water and oil contact angles (Figure 2.5).
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Figure 2.5 Water contact angles of pristine, pre-treated, and PMMA-g-WS in three different time-steps and
oil contact angles of all the three adsorbents (b).
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Water and oil contact angles for pristine WS were found to be 0" and 79’, respectively. Hydrogen
bonding between water molecules and abundant surface hydroxyl functional groups caused full
penetration of water droplets into the surface of pristine WS [20]. On the other hand, the
hydrophilic surface hydroxyl groups inhibited the adhesion of oil droplets on the surface of pristine
WS. Increased porous structures and the presence of macropores resulted in the absorption of both
water and oil droplets by the pre-treated WS, although the surface was hydrophilic, which is
consistent with similar observations reported previously [20]. In contrast to the pristine and pre-
treated WS, the water contact angle of PMMA-g-WS was very high (111°). On the other hand, the
oil contact angle for PMMA-g-WS was 0". The very high-water contact angle and zero oil contact
angle confirms extremely high hydrophobicity and oleophilicity of PMMA-g-WS. Therefore, the
PMMA-g-WS prepared in this study could be a promising candidate for the adsorptive removal of

hydrocarbons from oily wastewater.

2.3.4 Adsorption of oil from oil-in-water emulsion

2.3.4.1 Effect of adsorbent contact time with the oil

A set of experiments were conducted to understand the influence of adsorbent contact time on the
oil adsorption efficiency. The experiments were conducted at a constant shaking speed of 160
oscillations/min, initial oil concentration of 300 ppm, and adsorbent dosage of 5 mg at room
temperature. The time interval was set to five minutes, and the adsorption experiments were
conducted until the final oil concentration in the bulk liquid reached a constant value. A significant
amount of oil was adsorbed initially due to the availability of a large number of adsorption sites in
the beginning and eventually reached equilibrium, as presented in Figure 2.6. In the case of pristine
straw, the equilibrium was reached earlier due to the low porosity of WS and low hydrophobic
interactions between the surface of the straw and oil droplets. The overall duration of the
adsorption process for pre-treated WS was reasonably higher than the pristine WS due to increased
exposure of the porous structure as a result of the alkaline hydrogen peroxide pretreatment, even
though the surface of this pre-treated WS is more hydrophilic than that of pristine WS.
Hydrophobic interactions between the PMMA-g-WS surface and the oil molecules increased
surface roughness and on the WS. The hydrophobic modification of WS pore walls with PMMA

hence significantly increased the oil rejection, oil adsorption capacity, and the overall duration of
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the adsorption process. The oil removal efficiency of PMMA-g-WS was about 4 times higher than
pristine WS and 1.6 times higher than pre-treated WS. The oil adsorption capacity increased from
300 mg/g to 700 mg/g upon pre-treatment and from 700 mg/g to 1000 mg/g upon grafting of
PMMA.
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Figure 2.6 Effect of contact time on oil removal efficiency (a), and oil adsorption capacity (b) of pristine,
pre-treated, and PMMA-g-WS for 300 ppm initial oil concentration, 5 mg adsorbent dosage, and 160
oscillations/min shaking speed.

2.3.4.2 Effect of initial oil concentration and adsorbent dosage

The effect of different adsorbent dosages and the oil concentration was studied by varying the
amount of PMMA-g-WS from 5 mg to 25 mg for initial oil concentrations of 100, 200, and 300
ppm. The contact time and shaking speed were kept constant at 30 minutes and 160
oscillations/min, respectively. As shown in Figure 2.7 a, the adsorptive oil removal efficiency (RE)
increased linearly with the increase in adsorbent dosage, and it was higher for 100 ppm oil
concentration. The reason behind higher removal efficiencies at a higher adsorbent dosage and
lower oil concentrations is the availability of higher adsorption sites for oil accumulation sufficient
to accommodate all the oil present in the bulk solution. In contrast to the increase in oil removal
efficiency, the adsorption capacity of PMMA-g-WS decreased with an increase in adsorbent
dosage, and a decrease in oil concentration. The hike in the ratio of adsorption sites to oil declined
the total adsorption capacity. However, adsorption capacity q. is measured by dividing the

adsorbed oil amount by the amount of the adsorbent, and the increase in the amount of adsorbed
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oil is lower than the increase in the amount of adsorbent, leading to a decreasing trend in the
adsorption capacity. The effect of adsorbent dosage on the removal efficiency and the adsorption
capacity was compared for pristine, pre-treated, and PMMA-g-WS by varying the adsorbent
dosage from 5 mg to 15 mg while keeping the oil concentration constant at 300 ppm. The order of
oil removal efficiency with respect to the increase in dosage is PMMA-g-WS > pre-treated WS >
pristine WS (Figure 2.6 ¢ and d). This reflects the highest adsorptive oil separation efficiency of
the PMMA-g-WS as the surface modification enabled easy penetration of oil by exposing the
macropores as evident from the BET results and SEM micrographs. More importantly, it

significantly increased the hydrophobicity of the surface, which is clearly indicated by the FTIR

results.
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Figure 2.7 Effect of initial oil concentration and adsorbent dosage on the oil removal efficiency (a), and oil
adsorption capacity (b) of PMMA-g-WS. Effect of adsorbent dosage on oil removal efficiency (c), and oil
adsorption capacity (d) of pristine, pre-treated, and PMMA-g-WS.
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2.3.5 Adsorption isotherm models

After evaluating the influence of adsorbent dosage and oil concentration on the oil removal
efficiency and adsorption capacity, Langmuir and Freundlich adsorption isotherms were used to
understand the oil adsorption mechanism. Figure 2.8 a and b show the linearized plots for
Langmuir and Freundlich isotherms, respectively. The Freundlich isotherm provided a better fit to
the experimental C, and ¢, values. This strongly indicates the heterogeneity of adsorption sites as
well as the involvement of multilayer adsorption of the oil process. Therefore, adsorption
efficiency will be higher at the initial stages of adsorption since it is be based on the direct
interaction of the adsorption sites with the oil. The adsorption efficiency will be reduced
exponentially with the course of time since the adsorption at these stages involves the interaction
of the adsorbed oil layer with excess oil in the bulk solution. Diesel oil consisting of different chain
lengths of linear hydrocarbons contributed to the multilayer heterogeneous adsorption over the
mesoporous structure of PMMA-g-WS [86]. The Freundlich parameters n and Ky values being
greater than 1, as shown in Table 1, strongly suggest a higher adsorption capacity of PMMA-g-
WS for diesel oil.
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Figure 2.8 Langmuir (a) and Freundlich (b) linear fitting for adsorption of emulsified oil on PMMA-g-WS.
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2.3.6 Adsorption Kinetics

Large scale application of any adsorption-based filtration system demands the evaluation of the
rate of adsorption and the corresponding adsorption equilibrium time. Pseudo-first order and
pseudo-second-order kinetics models are widely applied to determine the adsorption kinetics. As
seen in Figure 2.9 b, the pseudo-second-order equation provided a better fit with the experimental
oil adsorption data for all three WS samples featuring an R? value as high as 0.999. The response
variable q.is very close to the experimental values, as mentioned in Table 2.2. The predicted values
of q. from the pseudo-first-order equation, on the other hand, were not even close to the
experimental data, even though the R? values are reasonably acceptable. Based on these
observations, it can be concluded that the adsorption process follows a pseudo-second-order rate
for all three WS samples. The pseudo-second-order rate implies that the rate of adsorption
decreased with time. This is also consistent with the better fitting of the adsorption data with
Freundlich adsorption isotherm, which generally demonstrates higher initial adsorption due to
direct interaction of adsorbent with adsorbate followed by slower adsorption in time due to
secondary interaction of the surface adsorbed adsorbate with the adsorbate in bulk. The higher
surface potential and the corresponding Van der Waals or London dispersion forces between the
PMMA grafted on WS and oil molecules contribute to the stronger physisorption and significantly
improve the oil uptake rate by this PMMA-g-WS sample.
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Figure 2.9 Pseudo-first order (a) and pseudo-second-order (b) kinetic models for removal of emulsified oil
using pristine, pre-treated, and PMMA-g-WS at ambient temperature and shaking speed of 160
oscillations/min.
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Table 2.2: Pseudo-first order and pseudo-second-order kinetic model parameters for removal of emulsified
oil using pristine and pre-treated WS as well as PMMA-g-WS.

Pseudo-first order kinetic parameters Pseudo-second order kinetic parameters
Sample Qe
ki (g/mg.h) R? k> (g/mg.h) q. (mg/g) R?
(mg/g)
PMMA-g-WS 645 0.0927 0.921 0.0003 1129 0.999
Pre-treated 241 0.1467 0.924 0.0013 741 0.999
Pristine 82 0.1287 0.990 0.0028 346 0.999

2.4 Conclusions

In this study, a simple radical polymerization was explored to enhance the oil adsoptivity of an
abundant agricultural by-product wheat straw (WS). An attempt has been made to utilize it as an
economical and eco-friendly adsorbent for the separation of oil from oil-in-water emulsions. The
pristine WS was pre-treated with alkaline hydrogen peroxide, and PMMA was grafted
subsequently in an aqueous solvent using cerium ammonium nitrate as a redox radical initiator.
The alkaline hydrogen peroxide pre-treatment played a crucial role in exposing the mesopores,
which are vital for any adsorption process. The SEM micrographs, as well as the BET surface
results with type 1 H2 (a) hysteresis loops, also indicated clearly the presence of mesopores. The
PMMA grafting complemented this by providing the surface hydrophobicity, which is equally
essential for the enhancement of hydrophobic-hydrophobic interactions between oil droplets and
the grafted surface moieties. The enhanced surface area and the hydrophobicity of PMMA-g-WS
resulted in its high oil adhesion property as observed by the 0° oil contact angle, which in turn lead
to incremented the oil adsorption by 3.3 times. The experimental adsorptivity data fitted well with
Freundlich isotherm, indicating the heterogeneity of adsorption sites as well as multilayer
adsorption of oil. The adsorption kinetics was best represented by the pseudo-second-order kinetic
model supporting the Freundlich isotherm model of multilayer formation. The adsorption capacity
of PMMA-g-WS was found to be 1100 mg/g, which is reasonably high and demonstrates its
potential for economical treatment of oily wastewater since the overall cost-efficiency of waste
WS along with a simple chemical modification for grafting PMMA process will allow the use of

large amount of this adsorbent for large scale applications.
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Chapter 3: Integration of poly(methyl methacrylate) grafted
adsorption and polyamide-imide microfiltration membranes for
separation of oil and water

3.1 Introduction

Industries are significant water consumers and consequently generate huge volumes of wastewater.
Numerous industries such as oil refinery, food industry, tannery, meat manufacturing industry, etc.
generate toxic hydrocarbon containing effluents [95]. Most of these effluents contain oil in the
form of emulsions with droplet size <20 um that are highly stable and hence inhibits the formation
of distinct layers of oil and water [1]. Therefore, complete separation of oil and water from
emulsified effluents by conventional methods alone such as gravity separation [96], adsorption
[22], dissolved air flotation [66]. Membrane filtration, especially the microfiltration and
ultrafiltration membranes, is acknowledged as one of the most efficient advanced treatment
techniques to separate emulsified oil. High removal efficiency for oil, small footprint, low
chemical requirement, and consistent effluent quality are some of the major advantages of this
system [11,97,98]. However, conventional polymer membranes are highly prone to fouling either
due to adhesion of oil droplets on the surface or pore plugging [12], resulting in the requirement
of higher transmembrane pressures. This calls for preliminary treatment of oil-water emulsion to
eliminate the free oil with droplet sizes >150 pm and dispersed oil contents (20-150 um) before
feeding it to the membrane filtration system. Integration of activated carbon and bentonite
adsorption system with PES nano-silica membranes were found to increase the flux significantly
by 26.4-30.6% along with providing high rejection of 72% and 90% for TDS and salinity,
respectively [15]. In another work [16], precipitative softening and walnut shell filtration as pre-
treatment for membrane distillation displayed exceptional efficiencies (=95%) in eliminating
volatile and toxic components such as BTEX (benzene, toluene, ethylbenzene, xylene) from
produced water. Numerous other works reported the improvement in performance, in terms of flux
and rejection and, more importantly, the membrane lifespan by having a pre-treatment before
membrane filtration [7,13,14]. Adsorption is one of the simple, effective, and sustainable
technologies available to be applied as a pre-treatment system for separating free and dispersed oil

oily wastewaters [17,86]. Wheat straw is an agricultural by-product that is easily available for low
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cost, as Canada is one of the top five producers of wheat in the world and produces around 20 MT
of wheat per year. It is a porous material that is highly suitable to be used as an adsorbent for oil
with abundant hydroxyl groups on the surface. The hydroxyl groups attached to cellulose,
hemicellulose, and lignin on the surface of the straw makes it hygroscopic. Therefore, the practical
application of this material requires chemical modification to incorporate hydrophobicity [27]. In
this study, poly(methyl methacrylate) grafted wheat straw in a fixed bed adsorption system was
implemented as a pre-treatment system for oil-water emulsions. In order to overcome the
drawbacks of conventional polymer membranes as mentioned earlier, poly(methyl methacrylate)
grafted wheat straw in a fixed bed adsorption system was implemented as a pre-treatment system
for oil-water emulsions. The effluent of the pre-treatment process was fed to a microfiltration
process. Two types of polymeric MF membranes were chosen, namely PES and PAL In the case
of PAI, the amide and imide functionalities incorporate exceptionally high hydrophilicity along
with high mechanical, thermal and chemical resistivity. As it also highly important to understand
the performance of widely conventional polyethersulfone (PES) microfiltration membranes in
treating oil emulsion pre-treated by adsorption, we also performed a comparison study of PAI and

PES membranes by conducting systematic cyclic tests for different oil concentrations.

3.2 Experimental

3.2.1 Chemicals

PAI (Torlon® 4000T-HV) was procured from Solvay Advanced Polymers, and PVP polymer
additive (reagent grade, MW = 10 kDa) was procured from Sigma Aldrich. Dimethylacetamide
(>99%) was obtained from Fischer Scientific.

The details on the materials, methods, and characterizations performed on the PMMA-g-WS and

oil emulsion using diesel oil are mentioned in chapter 2 (sections 2.2.1, 2.2.2,2.2.3, and 2.2.4).

3.2.2 Membrane fabrication

The non-solvent induced phase separation (NIPS) technique was used to fabricate the PAI
membranes. A mixture of 8 wt% PAI, 90 wt% DMAc and 2 wt% PVP was stirred at 40°C for 24
h at 90 rpm. Following the polymer-additive mixture was rested for 24 h at room temperature to

eliminate the air bubbles. The polymer solution was then cast on a piece of non-woven fabric with
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the aid of an automatic film applicator (TQC, Gardco). The gap height between the applicator and
the base plate was fixed to 200 um, and the casting speed was maintained to be 5 mm/s. Later, the
cast films were immersed in a coagulation bath with demineralized water. This brought about the
diffusion of DMAc from the polymer solution into the water and helped the formation of a
solidified porous membrane. The synthesized membranes were left in the coagulation bath for 2 h
to ensure complete leaching of the solvent out of the polymer matrix. The membrane was stored

by soaking in demineralized water until testing.

3.3 Membrane characterization

3.3.1 Wettability

The underwater oil contact angle measurements were done using the captive bubble technique. A
glass slide with pieces of membranes attached to its surface was submerged in an optically
sensitive quartz cuvette filled with demineralized water. 3 pul diesel oil emulsion was placed on the

membrane surface to record the contact angle.

3.3.2 Porosity

Porosity € of the membrane was evaluated using the gravimetric method [35].

. ml—m2/<m1—m2+ mz) G

Pwater Pwater Ppal

where, m; and m, are the mass of wet and dry membranes respectively, Py 1 the density of water,

and pparis the density of PAI at ambient temperature.

3.3.4 Hydraulic permeability

The hydraulic permeability test was conducted using a dead-end filtration cell with a stirrer
(Amicon, UFSC40001). The capacity of the cell is 400 ml, with an effective membrane area of
41.8 cm?. A pressurized nitrogen gas line was connected to the top part of the cell, and the permeate
was collected into a beaker placed on a digital weighing balance (ME4002, Mettler Toledo, USA).
The balance was connected to a computer to record the weight of the permeate in a 30s interval.

The pure water flux (PWF) was calculated as below:
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AQ

= 32
ApAt (3-2)

Jw

where, J,, is pure water permeation flux (Lmh'), AQ is the permeate volume (L), p is the density

of the permeate at room temperature, A is the effective membrane area (m?), and At is sampling

time (h).

3.3.5 Oil and water separation test

The oil separation efficiency and oil fouling tendency of the PAI membrane, as well as PES
membranes, were determined using the dead-end cell with constant stirring. The membranes were
first compacted at 3 psi to reach a steady PWF, and the PWF (J,,,) was measured. The permeate
flux (J,) was measured for oil emulsions of concentrations 100, 200, 300, and 500 ppm followed
by the splashing of the membrane for around 20s with distilled water. The PWF was recorded
again prior to permeate flux during the second cycle after regeneration (J,1), in order to understand
the fouling tendency of the membranes. The flux decline (FD), flux recovery ratio (FRR), and

percentage of oil rejection (R) was calculated using the below equations.

FD = (1 — ]l) X100 (3.3)
]wO
FRR = ™1x100 (3.4)
wWo
_ Cop
R = |1 —-=—{X100 (3.5)
Cor

where, Cor and Cop are the concentrations of oil in feed and permeate, respectively.

3.3.6 Oil emulsion characterization

The details of the preparation and characterization of oil emulsion have been mentioned in detail

in chapter 2 (sections 2.2.5 and 2.2.6).

3.3.7 Integrated adsorption and membrane filtration system

Continuous study of oil adsorption is extremely important to understand the breakthrough behavior

and hence the feasibility of using the PMMA-g-WS for large scale applications. A polyvinyl
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chloride (PVC) column of 2.5 cm diameter and 15 cm length was used to perform the breakthrough
behavior of oil adsorption on PMMA-g-WS. The PMMA-g-WS bed of height 2 cm was fixed
firmly using glass wool. The remaining space of the column, both above and below, was filled
with 4 mm glass beads to ensure uniform flow of emulsion and to avoid channeling of flow. A
peristaltic pump (Shenchen LabV6) was used to pump the emulsion at a flow rate of 3 ml/min in
up-flow mode. The emulsion was continuously stirred throughout the process. The emulsion was
fed into the column continuously until there was a breakthrough, and the column reached
exhaustion point where the concentration of emulsion at the outlet was the same as the inlet. The
adsorbent was then regenerated by passing ethanol at 3ml/min in downflow mode and left for 24
h before conducting the next cycle [86]. The subsequent cycle of adsorption was then conducted
to analyze the breakthrough behavior of the column after regeneration and reusability of the
PMMA-g-WS. The amount of oil adsorbed by the column g, in mg, 4, amount of oil delivered to
the column my, in mg, and total removal percentage of oil were determined using the following

equations [99]. (3.6)

tiotal

dtotal = mfo Caq.dt

where, Q is the oil emulsion flow rate in ml/min, C, is the adsorbed oil concentration in mg/I

which is the difference of inlet and outlet oil concentrations, t. is the total flow time in min.

CoQtiotal
Meosar = 010_(;?;3 (3.7)

where, C, is the concentration of oil emulsion at column inlet.

3.8
Total oil removal(%) = MX100 (3-8)

Miotal

The emulsion at the outlet of the column was fed to the dead-end cell, as shown in Figure 3.1.
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Figure 3.1 Integrated PMMA-g-WS adsorption and PAI/PES microfiltration system for separation of oil
and water.

3.4 Results and discussions

3.4.1 Underwater oil wettability and permeation properties of PAI membrane

The underwater oil contact angle measurements for the superoleophobic PAI membranes
confirmed that the membranes are superoleophobic. The attachment of the oil droplet onto the
membrane surface was very poor, and the oil droplet was drastically repelled by the surface (Figure
3.2). The physicochemical interactions between the membrane surface and the oil droplet is critical
for the deposition of oil on the surface of the membrane [35]. The complete repulsion of an oil
droplet, in this case, is believed due to the presence of a large number of electron donor
components than electron acceptor components on the surface of PAI This also indicates that the
total free energy of cohesion is significantly more than zero, and as a result, the membrane is
superhydrophilic and extremely intolerant to the adhesion of oil [35]. The porosity (¢), average

pore size (r,) for the fabricated PAI membrane, was found to be 80% and 179.6 nm, respectively.
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Figure 3.2 Digital images of oil droplets underwater over the fabricated PAI membrane.

3.4.2 Pre-treatment of oil emulsion

The performance of the continuous fixed-bed column with PMMA-g-WS was determined by
plotting the ratio of effluent oil concentration to inlet oil concentration (C/C,) versus time, as
shown in Figure 3.3. Initial oil concentration is a major limiting factor for the adsorption process.
A flow rate of 3 ml/min and was used to feed the oil emulsion in up-flow mode to increase the
contact time available for the oil droplet to diffuse from the mesopores on the surface to micropores
on the inner walls of the PMMA-g-WS. The equilibrium uptake of oil m, was observed to
increase with the increase in initial oil concentration, as shown in Table 3.1, and the unadsorbed
oil concentration also increased simultaneously. The C/C, ratio remained close during the initial
few minutes as a result of higher hydrophobic interactions with oil droplets and the surface of
PMMA-g-WS and availability of sufficient sites for adsorption. However, the ratio was observed
to increase rapidly after some time as a result of the progression of saturation of adsorption sites
and decreased hydrophobic interactions [86]. Once the column reached the exhaustion point, the
C/C, started approaching unity and became constant. This resulted in a decrease in the area above
the breakthrough curve, indicating a decrease in the adsorption capacity as well as the total removal
efficiency for oil (Table 3.1). The subsequent cycle of adsorption after regeneration with ethanol
demonstrated that the column remained highly efficient even after the desorption of oil from the
pores of the adsorbent surface. The removal efficiency for 100 ppm initial oil concentration
decreased from 52% to 34% during the second cycle, which indicates that the column is suitable

for prolonged usage with little decrease in removal efficiency.
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Figure 3.3 Column breakthrough curves of PMMA-g-WS for different oil concentrations of the feed (a),
Performance of the column after regeneration for 100 ppm oil concentration (b).

Table 3.1 Fixed bed column parameters for different oil concentrations and regenerated cycle for 100 ppm
oil concentration

Initial oil conc. C, Total absorbed oil, Total oil delivered to the Total
(mg/L) total, (M) column, My, (M) removal, (%)
100 (First cycle) 109 210 52
100 (Second cycle) 64 192 34
200 187 387 46
300 201 576 39
500 245 810 30

3.4.3 Integrated adsorption and membrane filtration

The water flux regeneration capability and fouling resistance of the fabricated PAI membranes as
well as the commercial PES membranes were analyzed for oil emulsions with and without the pre-
treatment process. The experiments were carried out at similar operating conditions and similar
characteristics of the oil emulsion to have a fair correlation of the performance of the membranes
with their physicochemical properties such as surface energy, roughness, internal morphology,
pore size, and porosity [100]. The oil rejection experiments were conducted for two consecutive
cycles at 3 psi pressure for different feed solutions with pre-treatment and without pre-treatment.
The normalized permeation flux with initial PWF has been plotted against operating time, as

shown in Figures 3.4-3.7.

45



12

| -® ‘PAl membrane original feed (100 ppm)

-® ‘PAl membrane treated feed (48 ppm)
® Com membrane original feed (100 ppm)
-# -Com membrane Treated feed (48 ppm)
1 iﬁ‘ni.lbgulaﬁl-ﬁiiiii.ﬂ
ﬂ st ae e ..7 :
L} # ‘I h 1
f 08— h :' v :f-'.a . fe Tetge® —
=" @ % ': l\ % [l el B
= : ! T }
x 1 1: I. Iy
g : ; l ;
U
< 06— . : \ -
Q ! I 1 !
N 1 | : :
® . ® 1
E 1 : 1| :
S 0.4 ! s ! ! -
z" 4 ! ] i
’ : LY |
|I h 1 :
il i ) !
0.2~ ' : \ ]I o
1
M..' q——.al '\"n :
-,
" | ron. | aveerenaneranaatiiosnesd |
0 200 400 600 800 1000 1200 1400

time (sec)

Figure 3.4 Variation of normalized flux (J./J,) of PAI and commercial PES membranes for a pre-treated
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The flux decline for the commercial PES membrane was significant compared to the fabricated
PAI membrane, as shown in Figure 3.8(a). The FD for commercial membrane for both the cases
of with and without pre-treatment by PMMA-g-WS adsorption was almost 100%. This can be
attributed to the high fouling tendency for oil irrespective of the concentration. A contrasting
observation was made with respect to the PAI membranes. The FD, in this case, was extremely
low, especially for the pre-treated feed of all concentrations. The flux decline for a pre-treated feed
of concentration 48 ppm was as low as 4%. The FD for PAI was highly dependent on feed
concentration. For 48 ppm, the FD was around 4%, and for 500 ppm, it was found to be around
80%. The FRR for the PAI was extremely high for all the cases of pre-treated as well as original
feed (Figure 3.8(b)). This demonstrated the excellent resistance to fouling and high stability of the
PAI membrane. The FRR was as high as 95% for both original and pre-treated feed of 100 ppm.
The pre-treatment by PMMA-g-WS increased the FRR from 84% to 95% in the case of 200, 300,
and 500 ppm oil concentrations. The high FRR values for pre-treated feed hence indicate that the
pre-treatment has high potential in prolonging membrane lifespan. The exceptionally high flux
decline and poor FRR of the commercial PES membrane can be attributed to the cake formation
or pore blocking as a result of the hydrophobic nature of PES. This, in turn, is believed to have
caused pore-blocking with oil droplets resulting in the formation of concentration polarization and
formation of oil film on the surface, causing a decline in water transport. The reason behind the
outstanding performance of the PAI membrane can be ascribed to the extremely high underwater
oleophobicity (OCA>150°), smoother surfaces, and small average pore size (176.9 nm) [35]. The
high flux recovery ratios in the case of the pre-treated feed for both PAI and commercial PES
membranes indicate the significance of pre-treatment by PMMA-g-WS. These exciting results

show that pre-treatment is highly efficient in increasing the flux and membrane lifespan.
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3.5 Conclusion

The effect of pre-treatment of oil-water emulsions on the flux and intensity of fouling for both PAI

and commercial PES membranes were studied. The pre-treatment improved the flux significantly

for all concentrations of oil in the case of the PAI membrane. The pre-treatment helped in bringing

down the flux decline from 40% to 4% in the case of 100 ppm original and pre-treated feed (48

ppm). The commercial PES membranes also exhibited FRR as high as 80% for the pre-treated feed

in case of low oil concentrations. Higher oil concentrations, however, caused irreversible fouling

of the membrane by pore blocking, as a result of which the FRR was very poor (as low as 3%)
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after regeneration. This indicated clearly the poor underwater oleophobicity of the commercial
membrane. The fabricated PAI membranes were exceptionally efficient with FRR as high as 95%
for 100 ppm, and it declined to 84% for 200, 300, and 500 ppm oil concentrations, respectively,
for original feed without pre-treatment. With the pre-treatment, the FRR of 95% could be achieved
even for the 200, 300, and 500 ppm feed. Therefore, this study clearly indicates that PMMA-g-
WS can be an efficient, cost-effective, and biodegradable adsorbent that can be successfully
integrated with membrane filtration to improve the flux and membrane lifespan. The integration
of this pre-treatment system, particularly with PAI membranes, serves as an excellent combination

to achieve oil removal efficiencies as high as 100%.
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Chapter 4: Conclusion and future work

4.1 Conclusion

In this study, an integrated treatment train coupling microfiltration with PAI and commercial
polymeric membranes with a fixed bed adsorption system with PMMA grafted wheat straw, an
agricultural waste as pre-treatment for efficient treatment of oil-water emulsion, was explored. The

study hence provides useful insights into the performance of this unique hybrid system.

A simple radical polymerization was applied to enhance the oil adsoptivity of wheat straw. A
chlorine-free alkaline hydrogen peroxide pre-treatment was performed on the pristine straw to
ensure (a) exposure of hydroxyl groups of cellulose for grafting PMMA, and (b) easy penetration
of oil into the microporous structure of the straw. PMMA was subsequently grafted in an aqueous
solvent using cerium ammonium nitrate as a redox radical initiator. The alkaline hydrogen
peroxide pre-treatment increased surface sites while the PMMA grafting provided the surface
hydrophobicity, which is equally essential for the enhancement of oil adsorption. According to the
BET results, the shape of the hysteresis loop for pristine straw correlated with type H2(a) hysteresis
according to ITUPAC classification and hence indicated the wide distribution of pore cavity
compared with the neck distribution. The structure of the tubular vascular interconnected vessels
with numerous pits at each node justified this finding. The hysteresis loop shape for pre-treated
and PMMA-g-WS, on the other hand, indicated type H2(a), with cavitation. This means that the
smaller pore size at a certain critical temperature and adsorption has resulted in desorption through
cavitation. Since the pre-treated and PMMA-g-WS were characterized by numerous micropores
along with macropores, which was clearly indicated by the SEM micrographs, the narrow tubular
micropores might have resulted in cavitation to make way for desorption. The surface area of the
samples was in the order pristine>pre-treated>PMMA-g-WS. This trend is mainly believed to be
due to the kinetic restrictions associated with the flow of nitrogen into narrowest micropores. A
possible explanation is that the interaction of nitrogen with non-polar surface functionalities, like
the grafted PMMA in the present work, leads to inaccurate surface area values because such

interactions can shift the pore filling pressure of nitrogen to very small relative pressures.
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The enhanced surface area and the hydrophobicity of PMMA-g-WS resulted in its high oil
adhesion property as observed by the 0 °C oil contact angle, which in turn lead to 3.3 times
improvement in its oil adsorption capacity compared to pristine WS. The experimental data from
the batch study fitted well with Freundlich isotherm, indicating the heterogeneity of adsorption
sites as well as multilayer adsorption of oil. The adsorption kinetics was best represented by the
pseudo-second order kinetic model supporting the Freundlich isotherm model of multilayer
formation. The adsorption capacity of PMMA-g-WS was found to be 1100 mg/g, which is
reasonably high and demonstrates its potential for the economical treatment of oily wastewater
since the overall cost-efficiency of waste WS and its simpler chemical modification process will
allow the use of a large amount of this adsorbent for large scale applications such as for the
treatment of oil refinery tailing wastewater and wastewater discharge from petrochemical

industries, etc.

The reusability of PMMA-g-WS was analyzed using a bench-scale column setup. The
breakthrough curves were obtained for different feed concentrations. The difference in the column
exhaustion time was not significant for 100, 200, and 300 ppm feed concentrations. However, the
column exhausted swiftly for 500 ppm feed concentration, with oil removal efficiency being 30%.
The subsequent cycle after regeneration of the column for 100 ppm oil concentration yielded an
oil removal efficiency of 34%. The decrease in the exhaustion time was as low as 50 min.
Therefore, the results demonstrate that the high reuse potential of PMMA-g-WS. The availability
of the low-cost wheat straw, as well as a simple, cost-effective grafting technique to increase the
hydrophobic functional groups on the surface, makes it an excellent candidate to be used as a

preliminary treatment system.

The effect of coupling of PMMA-g-WS pre-treatment with PAI and commercial membranes on
water flux and fouling tendency was analyzed in the next stage of the study. The pre-treatment
improved the flux significantly for all concentrations of oil for the fabricated PAI membrane. The
FD for PAI is highly dependent on fee oil concentration. The FD was around 4% for 48 ppm and
drastically increased to around 70% for 500 ppm. This indicates the remarkable role of pre-
treatment in decreasing the amount of foulants and hence the fouling. In addition, the extremely

high flux stability of the PAI membranes especially low feed concentrations can be attributed to

52



the tremendous underwater oleophobicity, which also a contribution of PVP. It is evident from the
contact angle measurements, which displayed strong repulsion of oil droplets from the surface,

thereby adding to the total resistivity to fouling and flux decline of the PAI membrane.

The commercial PES membranes also exhibited higher FRR as high as 80% for the pre-treated
feed in case of 100 ppm feed concentration. Higher oil concentrations, however, caused
irreversible fouling of the commercial membrane by pore blocking, as a result of which the FRR
was very low. This indicated clearly the high hydrophobic interactions between the membrane
surface and oil droplets. The fabricated PAI membranes were exceptionally efficient with FRR as
high as 95% for 100 ppm, and it declined to 84% for 200, 300, and 500 ppm oil concentrations,
respectively, for original feed without pre-treatment. With pre-treatment, the FRR as high as 95%
could be achieved even for the 200, 300, and 500 ppm feed concentrations. The integration of this
pre-treatment system, especially with PAI membranes, serves as an excellent combination to
achieve oil removal efficiencies as high as 100%. These results highlight the extremely high
potential of utilizing this treatment train to achieve cost and energy-effective treatment of oil-water
emulsions in addition to enhancing the membrane lifespan and producing high quality treated
water suitable for discharge into water bodies, landscaping, snowmaking, and other beneficial

reuse applications.

4.2 Future work

i.  In chapter 2, (a) the effect of different concentrations of NaOH and hydrogen peroxide
used for pre-treatment of pristine straw using on the porosity and surface area of the straw
particles can be explored more, (b) hydrophobic monomers such as styrene can be grafted
on cellulose backbone to understanding its effect on hydrophobicity, (c) the oil separation
test can be performed for different types of oils with varying viscosity since it significantly
influences the permeation and hence the amount of oil adsorbed, (d) application of
different mathematical models such as Thomas model, Yoon Nelson model, and Adam
Bohart model to the kinetics data is worth exploring to understand other aspects of
adsorption, and (e) the surface area and pore distribution should be analyzed with

techniques using argon or carbon dioxide instead of nitrogen gas. It is strongly believed
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ii.

that the interaction of nitrogen with the surface functionalities in the case of PMMA-g-
WS, and the kinetic restrictions of the gas to penetrate into narrow micropores in the case
of all the three samples might have resulted in the underestimation of the surface area.
Wheat straw being plant biomass, is characterized by numerous micropores and ultra-
micropores. The accurate estimation of its surface area and pore sizes can open new
pathways to utilize it in better ways as an adsorbent.

In chapter 3, (a) the continuous adsorption study using the fixed bed can be performed by
varying the flow rate of feed solution and thereby the contact time between the oil droplets
and PMMA-g-WS particles, the bed height can also varied to determine its effect on the
shape of the breakthrough curve, (b) the performance of the PAI and commercial PES
membranes can be checked in crossflow mode, and a comparison with the current results
from dead-end mode can be performed, (c) different hydrophilic additives can be added

to PAI and a study on its effect on the underwater oleophobicity can be performed.
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