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Abstract

Hydrogels are used in many applications and have gained popularity due to their
high water content, good biocompatibility and similarity to soft tissue. The research
objective is to design and synthesize self-healing hydrogels in water/oil/gas system
targeted for the separation of water from oil-water mixtures. This will be achieved by
graft polymerization of water-soluble polymer such as polyacrylamide (PAM) homo-
polymer and poly (Na-Ac/AM) copolymer reinforcing on a thin-fine metallic mesh.
This work also involves the study of the effect of mesh size on the amount of water
recovered from the oil-water mixture. Further, the factors affecting the micro
porosity of synthesized hydrogels such as swelling index are investigated. The
hydrogel coated percentage and swelling index (a characteristic property of hydrogels
that indicates how much water is absorbed by the gel) are investigated. Different
experiments are performed using several mesh sizes and various industrial oils. The
hydrogel morphology was analysed by using scanning electron microscopy.
Experiments conducted provide quantitative data regarding the degree of the
separation of oil from water by using hydrogels. PAM Hydrogel- Coated Mesh was
fabricated using a photo-initiated polymerization process with acrylamide (AM), N,
N’-methylene bisacrylamide (BIS), 2,2’-diethoxyacetophenone (DEOP), and
polyacrylamide (PAM) (number average molecular weight is M, = 5,000,000-
6,000,000) as the precursor, cross-linker, initiator and adhesive agent, respectively.
Distilled water was used to dissolve the AM, BIS, DEOP and PAM
(50,55,60:1.5:1:0.5 by weight) respectively. Furthermore, Poly (Na-Ac/AM)
Hydrogel-Coated Mesh was fabricated also by a photo-initiated polymerization

process with sodium acrylate (Na-Ac), acrylamide (AM), N, N’-methylene
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bisacrylamide (BIS), 2,2’-diethoxyacetophenone (DEOP), and polyacrylamide
(PAM), as co-monomer, precursor, cross-linker, initiator and adhesive agent,
respectively. In these copolymer hydrogels, distilled water was used to dissolve the
Na-Ac, AM, BIS, DEOP and PAM (10,55,50,5:1.5:1:0.5 by weight) respectively. The
effect of the copolymer concentration on the separation time was studied through
changing the monomers and the water concentrations. Oil-water mixtures of 5/95,
10/90 and 30/70 Oil/Water % were chosen based on industrial practices as it is not
typical to find a wastewater stream with more than 30% oil composition. In all cases,
water passes through the mesh, whereas the oil remained in the upper glass tube. Any
remnant oil that existed in the permeated water inside the beaker was analysed with
an oil analyser. The wettability of water and oil on the PAM- hydrogel coated mesh
was evaluated using the contact angle measurements obtained at ambient temperature.
It was found that PAM polymer and Na-Ac/AM copolymer hydrogel coated meshes is
a super-hydrophilic in an air-solid-liquid three phases with both the contact angle of
oil and water lower than 15 degree and in under-water membrane become highly
repulsive for oil, where all underwater OCAs of the four different size of meshes
based on PAM coated mesh are greater than 90 degree. This indicates the
hydrophobic properties of the coated mesh under the water and oil cannot penetrate
through the coated mesh while the water absorbed through it. The difference in the
water flow or separation time becomes smaller with increasing the mesh’s pore size
up to 80 micron, while separation time was higher for 200 micron mesh as more
hydrogel was as hydrogel was blocking the pores. In contrast, the separation time is
faster with the copolymer due to the higher swelling capacity of the copolymer.
Therefore, under-water oleo-phobic properties of the PAM coated mesh make it a

promising candidate for many applications, such as for wastewater treatment
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produced in industry and daily life with more than 95% separation efficiency.
However, Na-Ac/AM copolymers coated meshes have lower separation efficiency
than PAM homo-polymer due the highest swelling capacity of copolymers hydrogels,

which end up with taking off from the mesh.
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Chapter 1: Introduction and Objectives

1.1 Motivation

It is estimated that 20 billion barrels of wastewater per year are produced by the oil
and gas industry in the US alone.'? Therefore it can be seen that oil/water separation
is an important issue that many industries have to address. With the growing need to
process oil and water mixtures, new innovative techniques to separate oil from water
are desired. Moreover, one of the worldwide challenges is oil/water separation
because of increase in the oil spill and industrial wastewater. Therefore, the objective
of this research project is to design and synthesis of self-healing hydrogels targeted
for separation of oil from water. The first goal was to determine if hydrogels could be
applied in these processes, and this was done based on three different monomer

concentrations.

Hydrogel describes three-dimensional network structures which are obtained from
synthetic or natural polymers and are defined as cross-linked polymeric materials that
can adsorb significant amounts of water and swell within its structure, however, it is
not soluble in water.”> Over the last few decades, synthetic hydrogels attracted more
industrial and research attention than natural hydrogel, due to their high water
absorbance capacity and content, higher mechanical strength, and longer life-time.
Furthermore, it is possible to change the chemistry of the hydrogel by controlling its
surface properties, polarities, mechanical properties and swelling behaviour.”
Hydrogel can also be stimuli to surrounding environment such as temperature, pH and
light. Materials, methods and process that are used to produce hydrogel and its

classifications are extensively reviewed by H. Gulrez and M. Ahmed.** Since



hydrogels have excellent hydrophilic surface, they are used in many applications and
have gained popularity due to their high water content, good biocompatibility and
similarity to soft tissue.’ Polyacrylamide hydrogel has been used in many fields such
as agriculture, tissue engineering,*’ pharmaceutical,””’ biomedical fields,’ water
treatment for heavy metal removal,® and plugging agent for enhanced oil
recovery' ', Crosslinking is the most important influence of the polymer and has a
large number of applications because it can improve the thermal and the mechanical
prosperities of both preformed and bulk materials, where linking process results in
increasing the size of the branched polymer with decreasing solubility.* Water-soluble
hydro-phobically polymers such as polyacrylamide polymer are an area of interest in
many industrial applications such as paints, cosmetics, oil recovery and drilling fluids
due to hydrophobic co-monomer containing alkyl and aryl distributed acrylamide
which enhances the thickening properties and air-liquid surface activities. While there
are currently membrane-based technologies that can be used to separate these
oil/water mixtures they often have drawbacks, such as requiring high-energy inputs or
expensive equipment.'> An appealing technology that could be used to meet this
demand is hydrogels. For the application of treating oil wastewater, hydrogels can be
engineered to be oleo-phobic and hydrophilic. The hydrophilicity allows water to
easily pass through the hydrogel, while the oleophilicity prevents oil from entering or

passing through the hydrogel.

1.2 Objective

The objective of the research is to design and synthesize self-healing hydrogels
targeted for separation of oil from oil-water mixtures and will focus on the properties
of hydrogel. This will be achieved by graft polymerization of water-soluble polymer

such as PAM polymer and (Na-Ac/AM) copolymer and reinforcing on to a stainless
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steel mesh (SSM). Experiments are conducted to provide quantitative data regarding
the degree of the separation of oil from water by using hydrogels. This work also
involves the effect of the mesh size on the amount of water recovered from the oil-
water mixture. Further, the factors affecting the micro porosity of the synthesized
hydrogels such as the monomer amount in the hydrogel are investigated. The effects
of the monomer amount in hydrogel on swelling ratio are studied. The hydrogel

morphology was analysed by using scanning electron microscopy SEM.

1.3 Outline of thesis

This thesis consists of six chapters. The scope of each chapter is listed as follows:

Chapter 1 gives an introduction to polymer hydrogels and their behavior with
respect to oil/water separation. The objective of the research and the outline of the

thesis are presented in this chapter.

Chapter 2 provides a review of the literature on the preparation of polymeric
hydrogels, separation mechanism, various membranes and hydrogels that were used

for oil/water separation and oil/water determination.

Chapter 3 describes the experimental work related to the synthesis of reinforced

PAM hydrogel and (Na-Ac/AM) copolymer hydrogel.

Chapter 4 presents results and discussions of this study including, (1) water
recovery, (2) separation efficiency (3) separation time, (4) wettability, (5) swelling

ratio, (6) hydrogel coated percentage, (6) and morphological characterizations.



Chapter 5 states general conclusions, which are drawn from this study and

recommendations for further studies.



Chapter 2: Literature Review

2.1 General Introduction of Polyacrylamide

Polyacrylamide (PAM) is a white, brittle odourless polymer that can be
synthesized by free radical polymerization of acrylamide monomer with the molecular
formula C3HsNO. Its chemical formula is illustrated in Figure 2.1. PAM is synthetic
polymer; therefore, it is used widely to improve commercial products and processes.

It is a water-soluble polymer at all concentrations, pH values and temperatures.®

0 0 0 0
| | | |
C—NH, C—NH, C—NH, C—NH,

—CH,—CH —CH;—~CH —CH,—CH —CH;—CH —

Figure 2.1. Chemical formula for poly(acrylamide) polymer.

One of the most important material properties of liquid is viscosity. PAM
viscosity in water increases dramatically with molecular weight, while it decreases
with increasing temperature.”> PAM is one of the most widely used polymers in the

world. One of the most important applications of PAM is in enhanced oil recovery.'*

2.2 Free Radical Polymerization

Polyacrylamide hydrogel is wusually synthesized by free radical
polymerization, which involves four steps: initiation, propagation, chain transfer and
termination. The mechanism of free radical polymerization has already been studied

in literature, which is shown in Table 2.1."



Table 2.1. Free Radical Polymerization Mechanisms

Steps Mechanism
kd
I1-2R*
Initiation
Ki
R*+M - Mj
Kp
M+ M; - M,
Propagation
MM > M,
Chain transfer to monomer M; + M, Km M; + P,
Chain transfer to solvent (S) M;+S s S*+ P.
Chain transfer to chain transfer agent (CTA) M; + CTA Kera CTA* + P.
Chain transfer to impurity or inhibitor (I) M +1 ol I'+ P.
Termination by combination M, + M, Kee My
Termination by disproportionation M, + M,, Ka M, + M,

As shown in Table 2.1, polymerization starts with initiation step that involves
the decomposition of an initiator and the initiation of a monomer forming a monomer
free radical. The rate of free radical production, R;, can be shown in equation (2.1)"

as following.

Ri=2fK,4[1] 2.1
Here, f is the initiation efficiency, which ranging from 0 to 1, while Kj; is the initiator
decomposition rate constant and [I] is the initiator concentration. According to

equation (2.1), the initiation rate is proportional to the initiator efficiency and initiator

concentration at a fixed temperature. The next step is propagation that usually leads to




increase in the polymer chain length. The radicals react with monomer electron pair
that are held between two carbons with a sigma bond and propagate one with others."
Assuming that the rate of propagation does not depend on the chain length, it can be

shown as follows.

R,=K,[M"][M] (2.2)
Third step is termination where free radicals are terminated by a combination

or disproportionation. The rate of termination is given by the following.
R.=2 K.[M*]? (2.3)
Here, K, is the termination rate constant and K,=K;.+ K;4, where K;. and K, are the

termination rate constants for combination and disproportionation respectively. With

steady state assumption the concentration of free radical remains constant, i.e.,

d[Mm* . . .
M _ 0, and R; =R;. Therefore, free radical concentration can be obtained from the
t

following equation.

1/2
[M*] = [fKKﬂ (2.4)
t
Combining equations (2.4) and (2.2) leads to equation (2.5).
P — p[ ke [ ]_Ktl/Z[f []] [ ] (2-5)

Based on this mechanism, the overall rate of propagation depends on &, &, k;
monomer and initiator concentrations and initiation efficiency. Moreover, the
majority of monomer free radicals are consumed in the propagation step. However,
small molecules consume few of them such as impurity, chain transfer agent and

solvent that can affect the molecular weight of the final polymer. The corresponding



rates of chain transfer to solvent, chain transfer agent and impurity are given by

equations (2.6) to (2.8).

Rs = K[M*][S] (2.6)
Rera = KeralM*][CTA] (2.7)
R, = K;[M*][I] 2.8)

Here, Rg, R4 and R; are the rate of chain transfer to solution, chain transfer agent
and impurity, respectively. K, K-r4 and K; are the rate constants of chain transfer to
solution, chain transfer agent and impurity, respectively. The radicals are transferred
to another molecule. Hence, the activity changes."> As a result, the molecular weight
is decreased.

The mechanism in a copolymer system is simple, which is formed by
introducing a second monomer species in the polymerization. The mechanism is

shown in equations (2.9) through (2.12).

K

Mi+ M, — M (2.9)

Mi+M e M; (2.10)
. Kp22 «

M+ M, — M 2.11)
. Kp21 N

M;+M,— M (2.12)

In the equations above, M; is the live chain terminated in monomer 1 and

M; indicates the live chain terminated in monomer 2. K,;; is the rate constant of

pij
propagation of adding monomer j to monomer free radical ending with monomer i.

The Mayo-Lewis model is commonly used for copolymerization system,

which describes the distribution of monomer in the copolymer. According to the



above-mentioned mechanisms outlined in equations (2.9) through (2.12), the reaction

rates of the two monomers can be written as follows.

d[M,] * %

Ryy = dtl = K,q1 [M{] [M;] + Kppq [M3] [M]] (2.13)
. d[Ml] _ * *

Ry, = e K,z [M1] [M;] + Kpyy [M3] [M,] (2.14)

By dividing these two equations under a quasi-steady state assumption, it

yields the Mayo-Lewis equation, which is shown in equation (2.15).

d [M,] _ [My] (ry[M;]+ [M;])
d[M,] [M,] (IM1]+ 12 [M3])

(2.15)

Here, r; and r, are the reactivity ratios of the two monomers and defined as in

equations (2.16) and (2.17).

Kp11

r = 22 2.16)
Kp12
Kp22

r, = 22 2.17)
Kp21

Generally, the reactivity ratio specifically depends on the reaction conditions
such as pH, solvent, monomer species and reaction temperature. These parameters for
most of the common monomer combinations can be found in published literature and
polymer data/property handbook. For the monomer feed composition in a copolymer

can be shown as follows.

_ [M,]
1= i 219

1 _ _ [M;]
2 =171 = Gy e



Here, f; is the feed composition of monomer 1 and f, is the feed composition of
monomer 2. Combining equations (2.18) with equation (2.19) yields equation (2.20),
which can be used to estimate copolymer composition by using monomer feed

composition and reactivity ratio.

i fE+ fif
1 fE+2 fi1 fotrs fF

(2.20)

Here, F; is the monomer instantaneous composition in the polymer mixture.

2.3 Existing Method of Oil/Water Separation

Hydrogel are compared to common existing products and methods to consider
its feasibility for this purpose. Table 2.2, summarizes some common technologies
used in industries based on the minimum oil particle size to be removed.'® It can be
seen that the methods that use water and oil density differences include API gravity
settlers, which use gravity for separation, as well as centrifuges and hydro-cyclones,
which both use centrifugal force for separation. Lastly, induced gas floatation with
and without flocculants, works by bubbling gas through the solution, causing the oil
particles to adhere to the gas and thus, rising to the surface of the solution. Some of
the problems that arise using these methods include fouling, the high cost of
equipment, low separation efficiency and retention time when the oil droplets are
smaller and energy requirenment.'” For example, a common removal process is the
plate separator in the API gravity separator, which helps coagulate the oil droplets for
easier removal of oil. However, with the presence and accumulation of solids these

parallel plates often require frequent cleaning.
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Table 2.2 Common Existing Oil Separation Technologies.'®

Common Oil Separation Technologies

= API gravity separator

= Corrugated plate separator

* Induced gas floatation (no flocculants)

* Induced gas floatation (with flocculants)
* Hydro-cyclone

* Mesh coalesce

» Media filter

» Centrifuge

=  Membrane filter

2.4 Membrane for Qil/Water Separation

2.4.1 Superoleophobic Polymers Surface

Polymers play an important role in synthesized superoleophobic surfaces that
can be used to repel oil from water, and they also have unique combination of
properties, good biocompatibility and low cost. There are various methods to fabricate
polymer with superoleophobic surface that could repel oil. Chiba et al. (2010),"® and
Yan et al. (2007)," synthesized new monomers of fluorinated alkylpyrroles, where
they achieved a highly oil-repellent film by using electrochemical polymerization.
Wang et al. (2011) fabricated pattern-able electrically conductive coatings that have a
superhyrophobic and superoleophobic surface, which have been prepared by one-step

vapour-phase polymerization of polypyrrole (PPY) in the presence of a fluorinated
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alkyl silane directly on fibrous substrates.”” These treated fabrics can easily repel both
oil and water fluids, which can be used in the potential applications of development of

intelligent clothing and electronics textiles.*’

2.4.2 Under-water Superoleophobicity
A superoleophobic surface, explained in the previous section exists only in the
absorbance solvent like water. When it is immersed in water, superoleophobicity is

2122 Under-water

lost and their surfaces show superpleophilic nature.
superoleophobicity has wide potential applications, like oil-repellent coatings on
ships, other marine equipment and in oil spill clean up applications.> Under-water
superoleophobicity in oil/water solid three phase system is challenge and is very
important to understand is oil/water separation methods.'™'"**?° Oil-repellent

1"* and textiles, ***” are widely used for separation of oil from

coatings for meta
water, as it can keep the substrate from fouling or corrosion by oils or other liquids,
which are commonly used to achieve superoleophobic surface like dip-

10113031 pin-coating and spray-coating.”> Fluoropolymers are the most widely

coating,
used materials because of their good process-ability, flexibility and low cost.*®

Based on the literature review on hydrophobicity and under-water
superoleophobicity, it can be concluded that under-water superoleophobicity can be
examined by oil contact angle under-water on the coated surface. Surfaces with
hydrophilic and under-water superoleophobic can achieve high oil contact angle under
water (greater than 150°). Therefore, due to hydrophilic properties, water is usually
trapped in the rough surface of the coated surface. Trapped water repels oil from
penetrating and passing through the coated surface, yielding superoleophobic and low

adhesive surfaces in water.”>*!
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2.5 Benefits of PAM- Membrane Filter for Oil/Water Separation

The most notable benefit with PAM-membrane filter is that the chances of the
hydrogel being fouled by the oil is minimum and there is no oil absorption is observed
unlike media filter, and is evident from the hydro-philicity and underwater
hydrophobicity of the hydrogel. Moreover, water treatment with conventional filters
has the chance of foul over time and eventually need to be replaced and re-cleaned to
remain effective for the separation. Therefore, the reduced chance of the hydrogel
fouling advocates that the hydrogel could have a longer effective lifetime than other
membrane type technologies, which can also be recycled for at least three times with
almost the same results.

Another benefit of hydrogels is that the formulation is relatively simple.
Hydrogel formulation for the purposes of this project required only four chemical
ingredients as well as deionized water and a stainless steel mesh. The procedure for
synthesizing the hydrogel is also a relatively simple process, as will be discussed later
in chapter three. The operational costs of using hydrogels would be very low
compared to many of the other methods. Also, unlike centrifuge, using hydrogels
only energy required is for pumping the fluid. These are environmentally friendly
with less toxicity of the final hydrogel product. Moreover, it is very effective for small
oil particles, small emulsifications and small mesh sizes.

In the wastewater treatment the hydrogel is grafted onto a stainless steel mesh
for structural integrity and the mesh size can be varied according to the type of

application.
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Hydrogels are an ideal alternative to the conventional technology of treating
oil water waste streams due to their resistance to fouling, low production and

operational costs and easy customizability.

2.6 Sodium Acrylate/Acrylamide Copolymer

Mohana et al. (2001) had investigated superabsorbent polymer (SAP), where
the preparation is based on using acrylamide, acrylic acid, and its salts by inverse-
suspension polymerization and diluted solution polymerization.*> The superabsorbent
polymer that has the ability to absorb water or aqueous solutions up to hundreds of
times of their original weight, are water-insoluble three-dimensional cross-linked
network structures of hydrophilic monomers and has been used in personal hygiene
products such as diapers, sanitary napkins, and adult incontinence products.’>** There
are some of the applications for SAPs such as contact lenses in the biomedical field,

food packaging, water purification,”*"*

and improvement of water retention of
soil.*® The polymerization was carried out for 2 h under N, bubbling at 80 °C.
Swelling of SAPs varied with the relative content of AM and Na-Ac.**>® The
swelling capacity of the SAPs increases with increasing crosslink density, which
reaches a maximum at an optimum crosslink density, and then decreases as the
network becomes denser.’®” Kalaleh et al. (2015), investigated the influence of the
environmental parameters on water absorbency of the Na-Ac/AM copolymer such as
the pH and the ionic force, they found that the water absorption decreased with
increasing the ionic strength of the saline solution even with increasing the
concentration of the ionic strength, as when NaCl concentration increases the

absorbency decreases; the reason for this is that ions in the solution decrease the

osmotic pressure difference or the driving force for the swelling between the hydrogel
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and the solution.’® Moreover, it was stated that with at low pH, the swelling ratio of
Na-Ac/AM copolymer decrease as the sodium carboxylate group on the polymer are
protonated and hydrogel shrink and become more hydrophobic. On the other hand, at
high pH, the swelling index decreases due to the effect of excess sodium ion in the
swelling media, which blocks the carboxylate anion and prevents the effective of
anion-anion repulsion. Therefore, for pH from 4 to 8, some of the carboxylic acid
groups are ionized and the electrostatic repulsion between them produce improvement
of the swelling ratio.**?%*

Therefore, the most widely used method for the synthesis of water-soluble
polymer and hydrophilic gels is acrylamide with N-substituted derivations, which has
a lot of applications in many fields. For removal of heavy metal ions from natural
water and wastewater in industrial and ecological treatment process, sodium acrylate
co-monomer is widely used.

Hydrogels containing amide, amine, carboxylic acid, hydroxyl, and
ammonium groups can be used for separation of heavy metals such as Cu, Cd and Fe
ions from their aqueous solutions, where these groups can bind metal ions and is good
for water purification applications.”® For example, anionic Acrylamide-based
hydrogels such as cross-linked acrylamide (AM) and 2-acrylamido-2
methylpropanesulfonic acid (AMPS) homo-polymers and copolymers are prepared by
free radical solution polymerization by using N, N-methylene bisacrylamide (BIS) as
the cross linker.” Therefore, hydrogels which have one or more electron donor atoms
such as N, S, O and P can form coordinate bonds with most toxic heavy metals.”*>
Krusi¢ et al. (2012) investigated hydrogels based on acrylamide and sodium

methacrylate regarding their swelling behavior for removal of ph?* from wastewater.

* It was found that the swelling behavior and the removal capacity, both increase by
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increasing the amount of sodium acrylate.*
Many industries including electroplating, lead batteries, paint and dyes, and

. 9,41
glass operation are sources of heavy metal waste.”

The excessive amount of heavy
metals including lead, arsenic, chromium, mercury, copper and zinc contribute to the
hazardousness of wastewater.”' It is important to reduce the amount of heavy metals
in the wastewater as they lead to toxicological effects to the environment and to
human health. Therefore, they must be removed from wastewater and drinking water.
High concentration of copper ions found in many wastewater sources creates a kind of
disease with similar effect as the flu; *' the high toxicity of lead can lead to damage of
many tissues in living organism; copper can also cause damages to the health of many
living organisms.*' Thus, various methods of removing or reducing heavy metals
from solutions have been developed like ion exchange®, chemical precipitation®,
adsorption® and membrane separation’. Karadag et al. (2002) prepared super-water-
absorbent acrylamide-sodium acrylate hydrogels by free radical polymerization in
aqueous solutions of acrylamide with sodium acrylate as co-monomer that can be
used for heavy metal removal.>* In this research project, the acrylamide and sodium
acrylate copolymer hydrogel targeted for separation of oil/water system will be
investigated in this study.

Zhou et al. (1990) obtained acrylamide-sodium acrylate copolymer hydrogel
gel through radiation techniques by using two different methods to introduce —
COONa groups into polymer chains of the gels, where these two methods were
obtained from partial hydrolysis of acrylamide homo-polymer gel and direct
copolymerization and crosslinking of acrylamide and sodium acrylate in aqueous

33,44

solutons. The first method entailed making the AM hydrogel, then hydrolyzing it

by a basic solution (0.5 M Na,CO3), where the —CONH, group in AM polymer
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converts to a -COONa group. The water retention volumes (WRVs) of AM polymer
was quite small, but once hydrolyzes it increased a hundred times due to the
formation of the -COONa group, which is much more hydrophilic than —-CONH2
group.” A similar effect was reported previously that Na-Ac s
superabsorbent.”>~****> Zhou et al. (1990) studied the affect of pH on the WRVs.
Whereas AM hydrogels were almost independent of pH before hydrolysis, WRVs of
acrylamide-sodium acrylate copolymer were dependent on pH.” When PH was below
2, WRVs were very small and increased slightly with increasing pH.” Moreover,
when a swollen gel is added to an acid solution, the gel began to shrink and released
the absorbed water due to a decrease in the pH level. However, when basic solution is
added to the shrunken gel, it would swell up again by absorbing water.” These can be
explained by the electrostatic interaction of —COO~ group in the polymer chain

resulting from the ionization of -COONa groups, as shown in equation (2.21).”

_coo- "« coon
OH-

(2.21)
Magalhdes et al. (2012) observed that more acrylamide was found in the
hydrogel than sodium acrylate (50 %v/v for each). This was because sodium acrylate
polymerizes less readily, as ionized monomers react more slowly in the propagation
step of polymerization.** The results found for poly (sodium acrylate-co-acrylamide)
hydrogels indicate that acrylamide is around 20% more reactive than sodium acrylate,
where the reactivity consequence seems to follow the order: acrylamide > sodium
acrylate > acrylic acid.”>*** Anionic hydrogels based on sodium acrylate (Na-Ac)
and acrylamide (Am) are well known, extensively studied and produced on a large

44
scale.
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2.7 Graft Polymerization of Polyacrylamide

Polyacrylamide is synthesized using monomers, cross-linkers and initiators.
The proportion of components affects the rate of polymerization and the swelling
behaviour of the polymer. The rate of polymerization and the properties of the final
hydrogel also depend on the concentration of the initiators.

—CHZCH-CH§HCH2CH-CH2—?H CH,~

0 0 =0 C=0 (= —
=0 C=0
T N NH, NH, MH NH,
d NH2 Hz H -

" g NE,
, . bis-acryalmide NH, 2 NH NH;
Polyacrylamide Acrylamide C=0 | =0 (lj: o ¢=0

| 1
—CH,CH-CH{HCH,-CH—CH,—CH-CH,—

Polyacrylamide
Figure 2.2 Chemical formulas of polymerization of polyacrylamide polymer.

2.8 Oil/Water Determination Methods

Detection of oil is a tedious and a slightly sophisticated analytical technique,
where gas chromatography (GC), HPLC and gravimeter were used in general. In
contrast, UV-NIR provides fast and non-destructive measurements with no sample
preparation.*® Therefore, the concentration of oil in the wastewater is a method-
dependent parameter, which is traditionally evaluated using reference methods based
on infrared (IR) absorption or gravimetric analysis, Gas Chromatography and Flame
Ionization Detection (GC-FID).

Gravimetric-based methods can be used to measure anything that is

extractable by a solvent that is not removed during a solvent evaporation process and
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is capable of being weighed. In this method, oil/water is extracted by a solvent such as
hexane and then separated by a funnel separator. After separating the solvent
containing the oil from the water sample, it is transferred into a flask, which has been
weighed beforehand. Then, the solvent needed to be evaporated at a specific
temperature by placing the flask into a temperature controlled water bath. After
evaporating of the solvent, the flask now just contains the residual oil. The amount of
oil can then be calculated by drying and weighing the residual oil.*’ However, one of
the drawbacks of this method is that the procedure must be carefully controlled, is
time consuming and is not suitable for very small amounts of oil.**

In an UV-VIS-NIR based method, the oil/water sample needs to be acidified,
and extracted by organic solvents that can be used to extract oil from water such as n-
hexane, CCL, or dichloromethane.*’ The extraction solvents play an important role in
these methods, where they are used to extract oil from a water sample. Various
solvents can be used for extraction. A good solvent should possess a number of
properties in addition to having good extraction ability. Some of these properties are
as follows: sufficient infrared transmission (infrared transparency), environmentally
friendly, safe to use, reasonably priced, easily available, and heavier than water,
which means that they can be easily separated from the water phase and drained from
the extraction funnel.*’ The extracted oil is then removed, dried and purified by the
removal of polar compounds using dry agents such as sodium sulphate to absorb any
moisture. Furthermore, anything that is not extracted will not be included in the
analysis. A portion of the extracted oil is placed into an infrared instrument, where
the absorbance is measured.

Vegetable oils structurally are mixtures of natural fatty acid esters.*

According to the literature,”™”' soybean oil is composed by about 15.1% of saturated

19



fatty acids (mainly palmitic and stearic acids) and about 83.5% of unsaturated fatty
acids (mainly oleic, linoleic and linolenic acid). Therefore, the main spectroscopic
properties of vegetable oil will be related with the C-O, C=0 and C=C functionalities.
The UV-Vis spectra were performed in n-hexane because its expected absorption
bands are less than 200 nm, being a saturated hydrocarbon. Absorption bands over
200 nm should exclusively be generated by the samples of oil. Both UV and visible
method can be used for measuring oil concentration in water. The UV absorption
spectra of oil, often observed to peak at 200-280 nm, which is typical for condensed
benzene ring. In addition, another band can be observed in the range of 200-210 nm
for ester carbonyl group that present in some oil components. However, for visible
wavelength, oil should be coloured enough to absorb visible radiation after the
extraction. On the other hand, if oil is colourless, it must contain aromatic

hydrocarbon to estimate by UV light.
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Chapter 3: Oil/Water Separation by PAM and Na-Ac/AM Hydrogel

Coated-Mesh

3.1 Methodology

The methodology of the experiment will be focused on the product design of
the reinforced hydrogel. In this chapter the experimental setup, monomer and co-
monomer compositions will evaluated. Regarding the hydrogel product, the
methodology consisted of several steps in order to synthesize the product and perform
testing to determine its viability. Initially, the product (PAM) had to be prepared from
four base chemical ingredients and reinforced onto a stainless steel mesh, while (Na-
Ac/AM) was prepared from five base chemical ingredients. The product’s
performance was tested by separation experiments to study the different

characteristics of the hydrogel.

3.1.1 Materials

The homo-polymer Polyacrylamide (PAM) (average M.W. 5,000,000-
6,000,000) was of laboratory grade in the form of powder. It was purchased from Poly
Science, Inc. (Warrington, PA, USA). Acrylamide (AM), which is a white crystalline
solid (with M.W. 71.08 g/mol that is suitable for electrophoresis, >99%, A8887-
100G), Sodium Acrylate (Na-Ac), N, N’ Di-methylene Bisacrylamide (BIS), (for
electrophoresis, >99.5%), and 2,2’Diethoxyacetophenone (DEOPS) (>95%) were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). Distilled water was used
in all experiments. Stainless steel meshes were purchased from TWP Inc. (Berkeley,
CA, USA) in five different sizes—25, 55,65,80 and 200 micron. Glass tubes were
ordered from Chemglass Life Sciences (Vineland, NJ, USA), CG 124 with the pinch

clamps, (O-Ring Joint, 25mm ID, 30mm Tube OD, O-Ring Size: 217, Clamp Size:
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35). Oil was purchased from a local market store. Sodium sulphate and n-hexane were

ordered from Sigma-Aldrich for extraction and drying purposes.

3.2 Hydrogel Formulation

3.2.1 PAM Hydrogel Formulation

The PAM hydrogel-coated meshes were prepared using a photo-initiated
polymerization process with acrylamide (AM), N, N’-methylene bisacrylamide (BIS),
2,2’-diethoxyacetophenone (DEOP), polyacrylamide (PAM) as the precursor to the
final product, a cross-linker to aid in the creation of links between hydrogels, an
initiator and adhesive agents to reinforce hydrogels onto the mesh. BIS is an
important factor in governing the size of the pores of the hydrogel which inturn
affects the swelling index of the hydrogel. Cross linker molecules can be incorporated
into polymer chains simultaneously, as they form a permanent link between them. As
its name suggests, DEOP is a photo initiator, which forms radicals particularly when
subjected to UV light. Inside the fume hood, PAM, AM and BIS (0.5, (50,55,60), 1.5
wt. % respectively) were dissolved in (47, 42 and 37 wt. %) distilled water in that
proportion in order in 50 ml glass beaker at room temperature to make three different
polymer concentrations based on AM wt. %. The water was first bubbled with
nitrogen gas for 15 minutes in order to remove any oxygen from it, which act as an
inhibitor and kills the monomer, thus destroying the polymer or potentially initiate the
polymerization, which is undesirable at this stage. The proportions of these chemicals
are summarized in Table 3.1. Solution was stirred for 1 hour with the mixer turned on
to a rotational speed of 600 rpm, and the same mixer speed was used for every
experiment for consistency. It was observed that with an increase in the monomer

concentration, it takes a longer time to make homogenous solution. Lastly, DEOP
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with 1 wt.% was dissolved in the solution and is mixed for 15 more minutes to ensure
every composition in the mixer and all the chemicals are dissolved. For each batch, a
total solution weight of 40.0g was made, which was used for coating three stainless
steel meshes. Since DEOP is photosensitive, it was added in the last to avoid any
early onset polymerization. Once the chemicals were added, the solution was covered
completely using an Aluminium foil because it is sensitive to light and to protect
against polymerization of photo-initiation as shown in Figure 3.1. The same
formulation was used throughout all of the experiments to produce three different
hydrogel concentrations. The proportion of chemicals used to prepare the hydrogel

was consistent each time a solution was made.

Table 3.1 Formulations for Hydrogel Solution.

Ingredient % Proportion (by weight)
Acrylamide 50/55/60
Polyacrylamide 0.5
N, N’-methylene Bis-acrylamide (BIS) 1.5
2,2’-diethoxyacetophenone (DEOP) 1
DI-Water 47/42/37

Figure 3.1. Sensitivity of PAM Hydrogel. A) Homogenous solution of the hydrogel.

B) Hydrogel exposed to light.
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3.2.2. Synthesis of (Na-Ac/AM) Copolymer

Synthesis of poly (Na-Ac/AM) copolymer hydrogel is relatively simple, which
consists of five chemicals with the base of the hydrogel being (AM), (Na-Ac/AM),
and other chemicals being similar to pam system. Table 3.2 illustrates the chemical
formula of Na-Ac, AM and BIS. The Poly (Na-Ac/AM) co-polymer hydrogel was
prepared using a photo-initiated polymerization process with AM, Na-Ac, BIS,
DEOP, and PAM as the precursor to the final product, a co-monomer, cross-linkers to
aid in the creation of links among hydrogels, an initiator and an adhesive agent to
reinforce hydrogel onto the mesh once it is polymerised.

PAM, AM, Na-Ac and BIS (0.5, (5/45), (55/10), 1wt. % respectively) were
dissolved in (37/42 wt. %) distilled water at room temperature to make two different
co-polymer concentrations based on AM and Na-Ac wt. The water was first bubbled
with nitrogen gas for 15 minutes to remove any oxygen, as it can cause inhibition during
free radical polymerization, which is not desirable at this stage. The proportions of
these chemicals are summarized in Table 3.3. The solution was stirred using a
magnetic stirrer bar for 1 hour at 600 rpm, and the same mixer speed setting was used
for every experiment for consistency.

The copolymer with 10 % Na-Ac dissolved completely in one hour. However,
it was observed that increasing the monomer concentration required longer time for
mixing to have a homogenous solution. For instance, the copolymer with 55 % Na-Ac
took five hours to be dissolved completely. Lastly, DEOP was dissolved in each
solution for 15 more minutes to ensure homogenous composition in the mixer. For
each batch, a total solution weight of 40.0g was prepared and was used for coating of

three stainless steel meshes.
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The remaining procedure is the same as that used in the synthesis of PAM
hydrogel, where the solution is mixed well using a magnetic stirrer for obtaining a
homogenous solution, solution needed to be covered completely by Aluminium foil
while mixing in order to prevent UV irradiation from light. Therefore, the same
formulation was used throughout all of the experiments in order to produce two
different hydrogel concentrations. This ensured that the proportion of chemicals used

in preparing the hydrogel was consistent each time a solution was made.

Table 3.2. Monomer, co-monomer and cross-linker used in the preparation of
hydrogel system

Abbrevi
Type Formula
ations
Acrylamide Monomer H,C= CHCONH, AM
Sodium Acrylate Co-monomer | H,C= CHCOONa Na-Ac
N, N-methylene bisacrylamide | Cross-linker | (H,C=CHCONH),CH, | BIS

Table 3.3 Formulations for Na-Ac/AM copolymer Solution

Ingredient % Proportion (by weight)
Acrylamide 5/45
Sodium Acrylate 55/10
Polyacrylamide 0.5
N, N’-methylene bis-acrylamide (BIS) 1.5
2,2’-diethoxyacetophenone (DEOP) 1
DI-Water 37/42
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3.3 Procedure and Experimental Apparatus

3.3.1 Fabrication of Hydrogel-Coated Mesh

Once the polymer or copolymer solution turned into a homogenous solution, it
is then poured into a square dish for easy coating of the mesh pieces. The pre-cleaned
mesh was then carefully immersed in the solution for about 5 seconds before it was
drawn out slowly and horizontally with the solution adhered to the surface of the
mesh, as shown in Figure 3.2. The mesh was removed horizontally and utmost care
was taken decreasing the chance of the solution dripping off the mesh.

After dipping, the mesh was irradiated by UV light (360 nm) for 90 min to
fully polymerize the solution. This allowed photo-initiation of the coated solution in
order to transform it into the polymerized hydrogel. The lamp height (measured from
the top of coated mesh surface to lamp surface) was controlled at 5 cm. After
polymerization, the coated mesh was washed with distilled water to remove impurities
left from the preparation process. These include unreacted monomers, cross-linkers,
initiator and other products produced via side reactions. Thus, the final hydrogel-
coated mesh was obtained. Fabrication of PAM polymer and Na-Ac/AM copolymer

meshes uses the same procedure.
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Figure 3.2. Dipping of Clean Mesh Horizontally.

3.3.2 Oil-Water Separation Experiment with Hydrogel-Coated Mesh

The as-prepared coated mesh was fixed between two tube glasses (25 mm in
diameter) serving as a separation membrane, and then the oil-water mixture (v/v %)
was poured onto the upper glass tube on the hydrogel-coated mesh. 50 ml of Oil/
water mixture, as shown in Figure 3.3 (A), was prepared by mixing desired quantities
of the two components and stirring at 600 rpm for 15 minutes in order to form an
emulsion in a beaker. It must be noted that no surfactants or emulsion stabilizers were
used during the preparation of the oil/water mixtures. Separation of oil and water was
carried out as per the setup illustrated in the Figure 3.3 (B). The water passed through
the mesh, whereas the oil remained in the upper glass tube.

Separation time was measured. It is important to tighten the clamp well.
Otherwise, the mixture will leak as a result of a poor sealing, as shown in Figure 3.4.
The separation was measured from the weight of the liquids. The separation of the oil

from the water was carried out using the experimental setup shown in Figure 3.3 (B).
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Figure 3.3. (A) Water/oil mixture during mixing and (B) separation process of

oil/water mixture

Figure 3.4. Leaking process due to poor sealing. Coated 200-micron mesh with 10%

oil was leaking when the sealing was not tight enough

3.3.3 Experimental Parameter

Effect of the polymer and copolymer hydrogel on the separation time is
studied by varying the mesh size. Four different pore sizes of the mesh, 55, 65, 80 and
200 micron, are used. As shown in Table 3.4 the oil/water mixture composition was
varied at three levels. Oil weight percentages ranging from 5% to 30% are chosen to
be tested for PAM and from 5 to 10 % for Na-Ac/A copolymer. Mixtures with higher
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oil concentrations can be separated using sedimentors. This range was chosen based
on industrial practices, as it is not typical to find a wastewater stream with more than

30% oil composition. Figure 3.5 shows the preliminary experimental design.

Table 3.4 List of Independent and Dependent Variables.

Independent Dependent
PAM Na-Ac/AM
* Mesh pore size 55,65,80 and 200 55,80 and 200 | « Separation
(micron) Time
¢ Water Recovery
* Qil/Water 5/95, 10/90 and 5/95 and 10/90 | * Separation
Mixture 30/70 Efficiency
Compositions
*  Monomer % AM %: Na-Ac/AM %:
50, 55 and 60 10/45 and 55/5
Ex nm N F mpositions: Homogenous
* Deionized Water (DI water) (47, 42,37 %) - Iuti
+ Polyacrylamide (PAM) (0.5%) solution
*  Acrylamide (AM) (50,55,60 %)
* N,N-methylene bisacrylamide (BIS)  (1.5%) i
* 2,2’-diethoxy-acetophenone (DEOP) (1%) Mesh coating
Oil/Water Separation | m 1
- Polymerization [~
under UV light .
Stainless Steel
Mesh
X 4 (at design pore
0il Water 4 size )
Coated Mesh

Figure 3.5. Experimental Design Flow Sheet.
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3.4 Instrument and Characterization

3.4.1 UV Light
UV light (365 nm) was used to irradiate the sample for approximately 90 to
120 minutes. Aluminium foil was used to cover the UV lamp to create impermeable

seal that prevent transmission of UV light outside the unit.

3.4.2 Separation Efficiency
As set of 4X3 factorial experiments with 3 points of repeatability are designed
and conducted in which different sizes of mesh, and separation time, reclaimed oil

and water recovery are varied.

3.4.2.1 Water Recovery and Reclaimed Oil

After separation, water recovery and reclaimed oil were measured. The water
recovery is the percentage of water filtered through the mesh compared to the original
water content in the testing mixture by using equation (3.1). In equation 3.1,
(Vwater) rittrate 18 the volume of the water present in the filtrate and (Vyyg¢er)o is the
volume of the water present in the initial feed mixture. The reclaimed oil is the
percentage of the oil that did not pass through the coated mesh compared to the
original oil percentage in the testing sample, which cab calculated equation (3.2),
where (Vi) rirerate 1S the volume of the oil present in the filtrate and (V) is the

volume of the initial oil in the sample.

Water Recovery =(W) * 100% (3.1)
water)0
Reclaimed 0il = (1 - (V(:j#) +100% 3.2)
oil/o
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3.4.2.2 Separation Time

Separation time was directly measured during the experiment and required no
further calculation. Separation time was recorded from the instant the mixture was
poured onto the top glass tube present on the coated mesh until when no fluid droplets

were dripping from the bottom of the mesh for at least three seconds.

3.4.3 Contact Angles Measurements

Contact angles of water and oil were measured or characterized using
Axisymmetric Drop Shape Analysis-Profile (ADSA-P) with a digital camera at
ambient temperature, which is a technique used to determine contact angles, and then

transferred to the system.

3.4.3.1 Wettability

To evaluate the performance of the coated mesh in oil/water separation, the
under-water oil wettability of the hydrogel is investigated. The wettability of water
and oil on the PAM-hydrogel coated mesh was obtained from contact angle (CA)
measurements. The oil wettability of the coated mesh was characterized by measuring
the CAs of oil underwater with 5 uL droplet of 1,2-dichloroethane (DCE) as the probe
liquid that is generated under-water on the coated mesh. The values are reported as
the average of at least 4 drops per sample at different random locations. When oil
droplets contacted with the PAM coated mesh, the image was captured at room

temperature and then the contact angle measured using the ADSA software.

3.4.4 Swelling Index Measurements
To prove and evaluate the utility of the hydrogel’s ability as a water holding
material, the swelling ratio was investigated as follows (Nagasawa et al., 2004) by

using equation (3.3).
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Ws—Wgq

Swelling ratio = (3.3)

Where, W; is the weight of the hydrogel in swollen state and Wy is the weight of the
hydrogel in dry state. Bulk hydrogel was used to study the swelling ratio, which was
synthesised with the same polymer solution. Approximately 1 ml of polymer solution
was added to a petri dish and then exposed to UV light for 90 minutes until
completely polymerized. The bulk polymer was rinsed with deionized water and then
dried using a filter paper. The dried hydrogel is weighed in dry state and again after
immersing in known amount of water for 5, 10, 20, 1440 and 2880 minutes. The
swelling process was recorded by weighing the hydrogel in dry and swollen state.
First, 0.1g of dried bulk polymer was weighed using an analytical scale, and then
immersed into deionized water at room temperature within 48 hours to obtain the
saturated swollen polymer. The degree of swelling ratio was calculated based on
equation (3.3). The swollen hydrogels were removed from water after 5, 10, 20, 1440

and 2880 minutes, wiped with filter paper and then weighed as soon as possible.

3.4.5 Hydrogel Coated Percentage (HCP)

The Hydrogel Coating Percentage was investigated by using equation (3.4)"".

HCP (%) = Wa=b) » 100 o (3.4)

Wh
Where, W, is the mass of the coated mesh after polymerization and Wpis the original
mass of the uncoated mesh before hydrogel immersion. The percentage of the
hydrogel-coated mesh was determined based on different mesh pore sizes (55, 65, 80

and 200 micron) for three different monomer concentrations (50, 55 and 60%).

3.4.6 Determination of Qil-in-Water
For controllable separation of oil and water mixtures, the visible oil existed in

the permeated water inside the beaker needs to be analysed. To determine oil-in-water
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after the separation, a sample had be extracted from the water by solvent extraction, as
oil is not soluble in water. For the extraction of oil from the oil/water mixture after the
separation, 4.5 mL of the solvent was added to 45 mL of the oil/water samples. These
mixtures were stirred and then kept at rest at room temperature as usual in liquid-
liquid extraction procedure. Organic solvents such as n-hexane extract oil, which is
immiscible in water. Therefore, as n-hexane is less dense than water, the upper phase
is the solvent with oil, while the lower phase is the aqueous phase. Separator funnel is
used to separate the organic layer from the aqueous layer. After the extraction, it is
very important to remove the residual water or moisture from the organic liquid by
drying the organic layer containing volatile oil over anhydrous such as sodium
sulphate and this can be done by adding the anhydrous to the solvent containing oil.
To find how much drying agent to be add, first small amount of the drying agent is
added with a spatula because too much of it can absorb the product and the material
will be lost. After adding the dry agent, clumping occurs as the anhydrous absorbs
water and forms a hydrate. Since majority of the sodium sulphate clumps, it was
necessary to add more. If the organic liquid is cloudy, it will turn clear once the
organic liquid is totally dried. It was necessary to add more of the drying agent until
some of them could be seen not clumped. The sample was left for 5 to 7 minutes to
absorb the water from the organic sample.

However, these are only methods to separate the oil from the water, but not to
measure the concentration. The oil content was obtained with the help of the
calibration curves of the oil in the respective solvent. For the oil measurements, in the
separation system, the concentration of the oil after filtration and the separation
efficiency were estimated using a UV-VIS spectrophotometer according to a standard

procedure. Initially, the absorption spectra of 5 mL of different oil concentrations
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(0.0-30.0 mg/L) of oil solutions were recorded after diluting the oil in n-hexane as
solvent in the cuvettes. The solvent phase (n-hexane and oil) with unknown oil
content was brought to the equipment for UV absorbance reading, which was
determined under the same conditions as used to obtain the calibration curves of oil in
water. The concentration of oil was calculated by the intensity of the peak and the
above-mentioned linear fit. At least two repetitions were made for determining the oil
concentration in each sample. Oil concentration in the original sample was calculated
by comparing the absorbance that obtained from the extracted sample to those that
were prepared with known concentrations. The absorbance value was multiplied by
the factor to give a reading in concentration, which is based on the Beer-Lambert law
(A=MC), where A is the absorbance, M is the coefficient factor and C is the sample’s

concentration.

3.4.6 Morphology

3.4.6.1 Scanning Electron Microscopy (SEM)

During the experimental trials on different batches of the hydrogel coated
mesh, it was discovered that some meshes would be excellent in passing the water
through the mesh, leaving the oil retained at the top. While, some meshes would end
up having tiny amounts of oil passing through. Since it was not possible to determine
the cause for some mesh that seemed to perform better than others, SEM images of
the mesh are investigated. This allowed us to understand possible reasons for varying
performance of the mesh and also to see how well the stainless steel meshes were
being coated. It is expected that the coating of the mesh would have a strong effect on
the result.

SEM was used to provide information about the sample's surface topography.

Images were taken with an acceleration voltage from 5 to 10 kV. The test specimens,
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which were coated mesh (0.5 cm), were mounted on aluminum stubs with carbon
tape. Before starting the measurements, samples were sputter coated with 10 nm of
gold using a high-resolution sputter coater.
3.4.6.2 Light Microscopy

The droplet size of oil was obtained by placing 5 ml of the sample under the
light microscopy (EVOS fl digital inverted microscope), and 5 images were taken
randomly from different areas using a camera microscope. Then, the diameter of the

droplets were measured using Image J® software.
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Chapter 4: Results and Discussions

4.1 Separation Efficiency

4.1.1 Water Recovery

Water recovery was calculated by using equation (3.1). As we investigated three
different amounts of the monomer in the PAM hydrogel and two different
concentrations of sodium acrylate in Na-Ac/AM copolymer, we found that water
recovery was ranged from 93 to 98 % for all mesh sizes. Since the hydrogel holds
some water the water recovery cannot go over 98 %.

Figure 4.1 shows the water recovery percentage for different mesh sizes (55,65,80
and 200 um) based on different acrylamide monomer concentrations (50,55 and 60
%) in the PAM hydrogel-coated mesh and two concentrations of sodium acrylate in
the Na-Ac/AM copolymer. Figures 4.1 A, B and C illustrate the water recovery based
on 5, 10 and 30 (v/v) % of original oil content in the mixture, respectively. It is very
important to tighten the clamp very well, there are some observations regarding the
200 um mesh size where it had almost the lowest water recovery compared to other
meshes. The poor sealing of the mesh can explain this, as it was thicker and rougher
than the other meshes, which led to the possibility of leaking as shown in Figure 3.4.
It was observed that with an increase in the monomer concentration from 50 to 60 %,
the separation time increases as the hydrogel gets thicker and also most of the samples
that are collected do not have visible oil. As the polymer concentration increases,
viscosity of the solutions increases as well. It can be seen that the water recovery with
the copolymer was less than that of polymer alone due to the higher swelling ability
of the copolymer. However, it can seen from Figure 4.1 that water recovery was

ranging and fluctuating based on the mesh sizes and monomer concentrations. There
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are many possible reasons that can be attributed and some of them are the higher
possibility of water getting absorbed by the hydrogel, tightness of sealing, and

adhesion force between water and glass tube.

(A) .
Water Recovery for 10 % Oil
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S
g 7000 “50 % AM
>
S 94.00 “55 % AM
=4
5 60 % AM
= 92.00
= £10 % NaAC
90.00 55 % NaAC
88.00
55 65 80 200
Mesh Pore Size, (micron)
B .
) Water Recovery for 5 % Oil
98.00
97.00
°\°_ 96.00
2
o 95.00 450 % AM
S 94.00 55 % AM
&
5 93.00 60 % AM
ol
§ 92.00 10 % NaAC
91.00 55 % NaAC
90.00
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Mesh Pore Size, (micron)
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© Water Recovery for 30 % Oil
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Figure 4.1. Water Recover Percentages of four different mesh (55, 65, 80 and 200
micron) based on 3 different AM concentrations in PAM polymer (50, 55 and 60 wt.
%) and 2 different Na-Ac in Na-AC/AM copolymer (10 and 55 wt. %). A, B and C)
water recovery based on 5, 10 and 30 % of original oil content in the mixture,

respectively. Results are expressed as meanz standard deviation (n=3).

4.1.2 Reclaimed Oil

To confirm the high separation efficiency, the potential presence of residual oil in
the filtrated water was measured with UV-visible spectroscopy. Figure 4.2 shows the
separation efficiency of PAM and Na-Ac/AM, where A, B and C was for original oil
% in water which is 5,10 and 30 % (v/v) respectively. It can be seen that an increase
in the oil concentration in water, the separation efficiency decreased. This is an
increase in the pressure of oil, which allowed passing of small amount of oil through
the pores. Therefore, 30 % oil in water was excluded from the investigation of the

copolymer, and moreover larger oil concentration sample are separated using
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sedimentation method. Hydrogels were working better with lower oil contents.

Reclaimed oil % was determined by measuring the oil percentage in the feed and in

the corresponding filtrate (with UV-VIS spectrophotometer) after extraction. The

highest separation efficiency of Na-Ac/AM copolymer was for 5 % oil and 10 % NA-

Ac in copolymer based on 200-micron mesh was calculated as 93.8 + 0.24 % in

accordance with the value calculated by the volumetric ratio using equation (3.2).

Moreover, the separation efficiency of 55 % Na-Ac was lower than 10 % Na-Ac due

to the higher amount of sodium acrylate which led to higher swelling index that

reduced the hydrogel content from the mesh which can be seen from SEM images.

Mainly, separation efficiency dropped with increasing the oil content in water, as

there is more pressure on the hydrogel-coated mesh with higher oil content.
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Separation Efficiency, %

100
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Separation Efficiency of 5 % Oil
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~ E55%AM
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55 % NaAC

55 65 80 200
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®) Separation Efficiency of 10 % Oil
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Figure 4.2 Separation Efficiency of PAM polymers and Na-AC/AM copolymer
coated mesh based on oil feed content; mesh pore size and monomer concentrations.
A, B and C are results for separate oil feed commotions of 5,10 and 30 percentage,

respectively. Results are expressed as mean + standard deviation (n=2).

Due to the super-hydrophilic and the underwater oleo-phobic nature of the PAM

coated mesh; water can easily wet and penetrate the treated sample while the oil is
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trapped on its surface. Figure 4.3 gives the separation result of 5 % oil from oil/water
mixture based on 55 micron size mesh for 55, and 60 % of AM in PAM while Figure
4.4 is for separation of 10 % oil from oil/water mixture based on 55 % AM only in
PAM and these samples were chosen as they had separations efficiency with 98.3 and
95.6 and 99.4%, respectively. Also, as shown in the microscopy study of the mixture
before and after the separation process, there is a significant difference in the phase
composition between the feed and the filtrate, as revealed by the light microscopy
images which is evident in Figure 4.3 where the collected filter (right) is transparent
compared to the original mixture (left). For oil/water mixture before the separation,
densely packed oil droplets flood the entire view (Figure 4.3 (A) and 4.4. (A)), while
few tiny droplets are observed in the image of filtrate at all, implying that oil in
oil/water has been successfully removed (Figure 4.3 (C, E) and 4.4 (B). It is observed
that the feed has much wider droplet size distribution, ranging from 11 to 98 um with
higher frequency, which dropped from 40 to less than 5 and 17 after separation based
on 55 and 60 % AM, respectively (Figure 4.3, (B, D and F)). This proved that the
separation based on 55 % MA was higher than 60 % AM, and this due to increasing
thickness of the hydrogel and higher swelling index which led to cracking in the
hydrogel and end up with tiny openings. This indicates the hydrophilicity of the
under-water hydrophobic properties of the coated mesh, where water can easily wet
and penetrate the coated sample while the oil is trapped on its surface. Microscopic
image of filtrated water based on copolymer was not taken as it was done just for

PAM to show its higher separation capacity.
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Figure 4.3. Oil/Water microscopic and oil size distribution before and after separation

for separation of 5 % original oil from water based on the 55-micron mesh. (A and B)
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Microscopic image and oil size distribution for feed composition of 5 % oil. (C-E and
D-F) are microscopic images and oil size distribution of filtrated water based on 55

and 60 % AM in PAM, respectively.

Figure 4.4 Shows (A, B) microscopic and photographic images of 10 % oil before

and after separation, respectively. (A) is the 10 % original oil, while (B) is after
separation based on the 55 micron mesh and 55 % AM in PAM polymer with 99.4
% separation efficiency, the collected filter (right) is transparent compared to the

original mixture (left).

During separation process, the under-water hydrophobicity of PAM coated mesh
prevents oil passing through the mesh and prevents the coated mesh from fouling by
the oil, and allowing it to be recycled for three times. As PAM hydrogel-coated mesh
was used for separation of oil/water mixture, its stability is important factor for
practical application. This was investigated by separating oil from water on the same-
coated mesh for three times. The separation time decreases with repeatability of using
the same coated-mesh, as each batch has six-repeated result three for first separation
and another three for the second separation. In the first separation, the coated mesh is

highly resistant to oil fouling, but in the second separation, separation time slightly
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decrease and oil rejection slightly decrease as shown in Figure 4.5 for 5 % oil based
on 55 % AM in PAM with 3 cycles on the same mesh where n=2. The slight decrease
is due to the coated hydrogel loss when large amounts of water pass through it. This
indicates the PAM hydrogel coated mesh is stable for 3 cycles, however stability of
Na-Ac/AM copolymer hydrogel coated mesh could not be determined as hydrogel
swollen and pealed off from the mesh after one cycle, which led to lower separation

efficiency.

Stability of Separation
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99.9 =
99.8 - - =
99.7 - - -
99.6
99.2
99.1 - - - - ] -
99 — — I—
1 2 3
Separation Cycles number

“ Repeatability
no.

Separation Efficiency, %

Figure 4.5. Separation stability 5 % oil for PAM hydrogel coated mesh with 55 %

AM content 55 micron mesh size. Results are expressed as mean + standard deviation

(n=2).

4.1.3 Separation Time

The effect of pore size of the mesh on the separation time is explained in this
section. For a hydrogel coated mesh, it was observed that with an increase in the mesh

pores size, the separation time decreased for 55, 65 and 80-micron sizes, while 200
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micron mesh has the longest separation time even which has bigger pore size. 50%
AM monomer in the PAM hydrogel was the fastest, the reason for this is for lowest
monomer content the hydrogel that coated on the mesh is thinner, therefore the
separation is faster. However, with increasing the monomer content in the hydrogel,
the separation time was longer as the hydrogel getting thicker. It was observed that 60
% AM in PAM polymer was taking longer time for the polymer to dissolve in water
around 2 hours and half, however, the separation efficiency is higher than 50 and
lower than 55 % AM in PAM. Figure 4.6 (A, B and C) illustrates the separation of
time of PAM coated mesh based on oil content on feed compositions for 5,10 and 30
% (v/v), respectively. It shows that separation time was faster with increasing the oil
content in water due to the pressure of oil, which affected the separation time. Based
on 55 micron mesh, it can been seen from Figure 4.6, separation times for 5 % oil
were 1.35, 8.3 and 11 minutes based on 50, 55 and 60 % AM in PAM, respectively,
which shows with increasing the acrylamide (monomer) concentration from 50 to 60
%, the separation time increase as we have a thicker hydrogel with less oil content
after separation as shown in Figures 4.6 and 4.7.

Though increasing the mesh’s pore sizes resulted in the decrease of the separation
time, however, the separation efficiency decreased with a negative trend. Again this is
an expected result where separation improves with finer mesh size. In conclusion,
separation time was increased with increasing the monomer concentration in the
polymer as it got thicker and decreased with increasing the oil content in water.
However, for investigating the mesh pore sizes, it was found that separation time was
decreased from 55 to 80 micron sizes, while it increased for the largest pore size,

which was 200 micron. The separation time for the four different mesh sizes and three
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monomer concentrations were less than 30, 25 and 8 minutes based on 5, 10 and 30

oil %, respectively.
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© Separation Time of 30 % Oil
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Figure 4.6. Separation time of oil/water mixture for PAM hydrogel coated mesh with
three different acrylamide concentrations in the PAM, which are 50,55 and 60 %,
based on 55,65,80 and 200 micron meshes. A, B and C) separation time base d on oil
feed compositions 5, 10 and 30, respectively. Results are expressed as mean +

standard deviation (n=3).

In contrast, Figure 4.7 indicates separation time of oil/water mixture for Na-
Ac/AM copolymer hydrogel with two different Na-Ac concentrations in the
copolymer which are 10 and 55 % for three different mesh sizes which are 55, 80 and
200 micron mesh based on 5 and 10 oil % in A and B, respectively. Separation time
of Na-Ac/AM copolymer was faster than the PAM polymer; this is due to a higher
swelling ratio of copolymer as it swells very fast than the polymer due to the ionic
charges in sodium acrylate. Moreover, 55 % of Na-Ac was faster than 10 % due the
swelling and higher content of sodium acrylate. In addition, the separation time was
less than 70 second and this is going to be explained later in section 4.5. It must be

mentioned that 200 micron coated mesh with 10 % Na-Ac had the higher separation
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efficiency with 93.8 % and this is due to the higher percentage of acrylamide (45 %)

which has ability to reject and prevent oil from penetrating through it.
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Figure 4.7. Separation time of oil/water mixture for Na-Ac/AM copolymer hydrogel
with two different Na-Ac concentrations in the copolymer which are 10 and 55 % for
three different mesh sizes which are 55, 80 and 200 micron mesh. Results are

expressed as mean + standard deviation (n=3).
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4.2 Wettability

It is well known that the wettability of the solid surface mainly depends on both
the geometrical structure (roughness) of the surface and the chemical

iyl 12,53
compositions.

The performance of the coated mesh is remarkable with extreme
difference in the oil and the water contact angle. If underwater OCA 1is greater than
OCA in air or greater than 150 degree, this will indicate the underwater super
hydrophobic of hydrogel-coated mesh. This phenomenon is occurs due to the
formation of water cushion between the solid surface of the PAM hydrogel coated
mesh which is composed of water molecules in the rough surface and the oil droplet,
which create a strong repulsive force due to interaction between the oil (non-polar)

and the water (polar) molecules'*'>**

In air, water-wetting behavior on the PAM coated mesh was improved compared
to the original uncoated mesh, which had a water CA of less than 5°. As shown in
Figure 4.8, when water droplet (5 ul) contacted with the surface of PAM (55 micron)
coated mesh, it quickly spreaded and penetrated through the mesh with CA <5° above
the mesh and water could easily drip down, when more water droplets were added on
the surface of the coated mesh, which indicates a good hydrophilicity and
permeability of the coated mesh to water. Figure 4.9 shows the difference between
water and oil droplet’s shape in air on PAM coated mesh of 200-micron size. Water
droplet was spread and permeated on the coated mesh, which was absorbed very fast
in (Figure 4.9 (A)), while in (B) oil droplet was spread on the coated mesh with
around 15 degree due to the viscosity of oil. Water contact angles on PAM hydrogel
coated mesh, were hard to measure in air, as it penetrated very fast. Therefore, PAM

hydrogel coated mesh is super-hydrophilic in an air-solid-liquid the three phase
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system with both oil contact angle (OCA) and water contact angle (CA) lower than

o

10.

Figure 4.8. Water wettability of PAM hydrogel- coated mesh and spreading and
permeating of water droplet (5ul). (A, B) water quickly permeates and spreads
through the coated mesh (55 micron) within 2 seconds, (C) droplet decreases from

16.29 to <5 degree within, where absorbed 10 second.

(A)Water, PAM 200 um coated (air)| | (B)Oil, PAM 200 um coated (air)

Figure 4.9. CA & OCA based on 200 micron mesh in air. (A& B) PAM coated-mesh.
A) Spreading and permeating Water droplet on the coated mesh which was absorbed

very fast; B) Oil droplet spread on the coated mesh with 15 degree.

From Figures 4.10, without the coating, the original stainless mesh exhibited oleo-
phobic properties up to 100° of water CA that is greater than the water CA of coated
mesh due to the hydrophobicity of the stainless steel mesh, which form a sphere.

Moreover, with increasing the pore size, water CA increased on the uncoated mesh
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due to air trapped between the pores and getting higher contact angle as shown in

Figure (4.10).
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Figure 4.10. CA & OCA of uncoated and PAM coated meshes with four different
pore sizes, (55,65, 80 and 200 micron). Results are expressed as mean + standard

deviation (n=4).

Various polymer coating can be designed by using the original meshes with
different pore sizes as the substrates. Figure 4.11 describes the relationship between
the pore diameter of the meshes and the under-water OCAs on the coating mesh with
3 different monomers. Within the experimental error, the OCAs for 55 micron mesh
based on 60 % AM in PAM was 140.03 =+ 0.88 ° .For 65 micron mesh it is 117.9
+ 1.5 © after which it increases gradually with increasing pore size of the mesh. On
the other hand, the water CAs on all the coated meshes was less than 5°. These results
indicate that the hydrophobicity of the coating mesh is affected by the size of the
pores and roughness of the surface. If the roughness of the membrane increases, then

the contact area between the membrane and the oil decreases.
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Under-water, when the coated mesh contacts with the oil droplet, more water can
be trapped in the rough microstructure, forming an oil/water/ solid composite
interface. These trapped water molecules will also reduce the contact area between the
oil and the coated mesh, resulting in a large oil CA under-water, which leads to a
dramatic increase in oleophobicity. For 60 % acrylamide in the hydrogel, all the
OCAs are greater than 115 degree and up to 140° (Figure 4.11). According to the
literature, the adhesion forces for different oils such as gasoline, vegetable oil, crude
oil diesel, hexane and other petroleum is less than 5 uN on PAM hydrogel coated

mesh, which proves that low adhesion properties can prevent PAM coated mesh from

fouling by oil during the separation process.'*****
Under-Water OCAs
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Figure 4.11. Under-water OCA and the relationship between the oil contact angles

(1,2-dichloroethane) and the pore diameters of PAM hydrogel-coated mesh based on
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three different monomer concentrations. Results are expressed as mean + standard

deviation (n=4).

Figure 4.12 shows the wetting behaviour of 1,2-dichloromethane (DCE) on the
PAM coated mesh with different monomer concentrations and mesh sizes. It can be
seen that under-water OCA increases with increase in the monomer concentrations in
the hydrogel due to a decreasing contact area between the coated mesh and the oil

droplet (DCE). This is in agreement with the fact that the wettability of the surface is

10,27,30

mainly governed by the roughness and its chemical compositions.

) B (©

Figure 4.12. Photographs of under-water OCA (DCE, 5 p L) on 55 micron mesh
based on three different monomer concentrations in the PAM hydrogel, A) Shape of
the OCA on the coated mesh with (90.7 + 2.56") for 50 % AM, B) OCA with

(103.11 + 5.77for 55 % AM. C) OCA with (140.03 + 0.87") for 60 %AM.

Wettability of AM/Na-Ac copolymer coated mesh could not be investigated by
measuring oil contact angles under-water. It was very hard as the copolymer swells
very fast and pealed off from the mesh, which ended up with difficultly with the

measurements.
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4.3 Hydrogel Coating Percentage (HCP)

The percentage of the hydrogel-coated mesh was determined based on different
mesh pore sizes (55,65,80 and 200 micron) for different monomer concentration

(50,55 and 60%) and calculated using equation (3.4).

HCP %
25
X
Y
8 20 T
= -
N
hd 0,
55 I- _ 50% AM
- =) = l M 55% AM
S )™ =4
S 10 _ ~ 460% AM
(@] T T
) 10 % NAAC
& 5 B
= 155 9% NaAC
>
= |
55 65 80 200
Mesh Pore Size,(micron)

Figure 4.13. Hydrogel Coated Percentage (HCP) of PAM hydrogel as a function of
meshes sizes based on 50,55 and 60 wt. % on monomer, and HCP for Na-Ac/AM
copolymer as a function of mesh sizes based on 10 and 55 wt. % of the Na-Ac co-
monomer. The value obtained by determining the increased weight percentage of the

mesh after polymerization. Results are expressed as mean * standard deviation (n=4).

It indicates that from Figure 4.13, the smallest mesh pore size was coated with gel
more than the coarse mesh, which improved the absorbing ability of the hydrogel,

which enhances the oil/water separation. Moreover, increasing the hydrogel
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concentration increases the percentages hydrogel-coated on the mesh. With low
monomer content, the hydrogel was thinner than with a higher monomer
concentration, and the separation time is faster but separation efficiency is less than
that of thicker hydrogel. This was confirmed with HCP measurements, which proved

that hydrogel gets thicker with increasing total monomer concentration.

4.4 The Swelling Index

Swelling Index was calculated to quantify the hydrogel ability to absorb water by
using equation 3.3. The swollen hydrogels were removed from water after 5, 10, 20,
and 1440 and 2880 minutes, excess water was wiped with filter paper and then weight
quickly. Hence a dried hydrogel (dry gel) can absorb a large amount of water. Four
samples were taken for each experiment, and the reported data points represent the
averages of the four data points. Figure 4.14 shows that the swelling index of all
monomer concentration increases gradually within one day, but it decreases by 3 %
for 50 and 60 % AM and by 6% for 55 % AM after 48 hours. Figure 4.15 indicates
the swelling of PAM hydrogel (55 % AM) within two Days, A) when the dry
hydrogel just left in water for 5 seconds, B, in 5 minutes with 104.08 + 9.93, C and D
within 10 and 20 minutes with 118.18 + 14.22 and 137.44 4+ 14.22, respectively and
E and F are the swollen hydrogel within 24 and 48 hours which had swollen degree of

167.35 + 8.32 and 161.15 + 8.8 %, respectively.

The swelling of the hydrogel is induced by the electronic repulsion of the ionic
charges of its network. ** The ionic charge content has a strong effect on the swelling.
Sodium acrylate has many ionic units (-COONa), therefore, the swelling increases

. . . .. 54 . .
due to increasing anionic units.”" The salt group is almost ionized, and a large number
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of hydrophilic groups appear. The hydrophilic group of AM/Na-Ac copolymers are
higher than those of acrylamide, thus the swelling of AM/Na-Ac copolymers is
greater than the swelling of PAM polymers. The 10 and 55 % Na-Ac copolymers
swell rapidly, and its swelling ratio was 272.15 + 0.29 and 329.51 + 6.28 % within
24 hours, respectively; and the copolymer swelling reduced by 4 and 15 % after 48
hours, respectively (Figure 4.14). Figure 4.16 illustrates dry hydrogel of 10 % Na-Ac
(A) and swollen hydrogel after 48 hours with 268.23 % of swelling index (B). It can
be concluded that adding small amount of Na-Ac monomer to PAM is going to
enhance and increase swelling ratio and its ability to absorb water. While Figure 4.17
indicates the photograph images of swelling of Na-Ac/AM copolymer hydrogel with
55 % of sodium acrylate within two Days, A is the dry hydrogel when just left in
water for 5 seconds, B, C and D are the swollen hydrogels after 5, 10 and 20 minutes
with swelling index of 172.45 + 18.63,244.5 + 10.26 and 297.09 + 10.05,
respectively, while E and F are the swollen hydrogel within 24 and 48 hours at 329.51
+ 6.28 and 313.56 + 6.72, respectively. In conclusion, as the concentration of the
monomer increases the swelling capacity of the copolymer increases up to a certain

level, but within two days the swelling capacity decreases drastically.

The crosslinking concentration was 1.5 % in PAM and the copolymer and was
maintained constant. From the classical behavior of hydrogels, swelling ratio
decreases with an increase in the crosslinking concentrations. This is due to the fact
that the distance between the crosslink is smaller when the crosslinking amount

increases, which inturn restricts its swelling capacity. **
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Figure 4.14. Illustrates Swelling Index of 50, 55 and 60 % monomer in PAM
hydrogel, and 10 and 55 % Na-Ac in the copolymer. Results are expressed as mean +

standard deviation (n=4).
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Figure 4.15. Photograph of swelling PAM hydrogel (55 % AM) within two Days. A)
When dry hydrogel just left in water for 5 seconds. B, C and D) are swollen hydrogel

after 5, 10 and 20 minutes, respectively. E and F are the swollen hydrogel within 24

and 48 hours, respectively, which swell 161.15 + 8.8 % within two days.

Figure 4.16. lllustrates dry Na-Ac/AM copolymer (10 % Na-Ac) hydrogel in (A)

and swollen hydrogel after 48 hours with 250 % of swelling index in (B).
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Figure 4.17.Images of swelling of Na-Ac/AM copolymer hydrogel (55 % Na-Ac)
within two Days. A) Dry hydrogel when left in water for 5 seconds. (B, C and D) are
the swollen hydrogels after 5, 10 and 20 minutes, respectively. (E and F) are the

swollen hydrogel within 24 and 48 hours, respectively.

4.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy measurements were carried out to characterize the
surface morphologies of the mesh before and after coating. Figure 4.13 shows the
SEM images of PAM polymer (60 %AM) coating mesh made from a stainless steel
mesh with a pore diameter of about 200 and 55 micron. Typical images of the
uncoated mesh substrates that are waves stainless steel with pores diameter of 55 and
200 microns is shown in (E and A), respectively, which indicates the original meshes
have a smooth and clear surface. The micro-porosity of the coated mesh can be
controlled by different mesh sizes and hydrogel contents. It is clear from the SEM
images in Figure 4.18 that the surface of the PAM hydrogel was less rough and
smother than the mesh with Na-Ac/AM copolymer, which was swollen, and pealing
off. It can be seen that a rough coating is formed on the stainless steel mesh and
mainly exists between the pores, which ensures that there is no free opening through
which oil can pass through it. The coating distributes uniformly and the porous
structure is mostly retained in the prepared mesh. More hydrogel exists in the pores of
the mesh, which ensures blocking of the open area with smaller free passage for water
passing through the coated mesh.” The reason for hydrogel being between the grids
more than on the wires, is due to the structure of the stainless steel meshes which are
wire woven without aside open pore due to smaller it's size (in microns). The
reinforcement method for mesh is used to support the hydrogel during graft

polymerization.
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Figure 4.18 SEM images of PAM polymer (60 %AM) coating mesh prepared from a
stainless steel mesh with a pore diameter of about 200 and 55 micron. A) Un-coated
200 micron original mesh, Band C) large and enlarge view area of the PAM coating
mesh on 200 micron with 10 um scale bar in C; D) is uncoated 55 micron mesh; E
and F) large and enlarged view of the PAM coating mesh on 55 micron mesh; G)
higher-magnification image of PAM hydrogel coated between the grid of 55 micron

mesh.

Figure 4.19 shows the scanning electron microscopy (SEM) image of a large area
of copolymer coating mesh (10 and 55 % Na-AC) with pore size diameter of 55 and
200 micron. Scanning electron images show large aggregation in the copolymer
hydrogel with higher sodium acrylate, which held together by intermolecular
hydrophobic association to form a 3D network and these is due to the high viscosity

of the copolymer, which was also reported by Zhang Bin.>"°

Therefore, large
aggregation shows strong intermolecular interaction and high swelling rate, where
hydrogel was getting off the mesh which end up with open areas that tiny oil can pass
through them. Hydrophobicity is improved with surface roughness because air can be
trapped between the solid surface and the droplet, which led to minimizing the contact
area. Figure 4.19 B and D show the copolymer hydrogel with 10 % Na-AC which
was more smother and coating uniformly on the mesh, while F and H were higher
magnification image of 55 % Na-AC copolymer with more roughness and swelling

due to the higher content of sodium acrylate and this mesh with 200 micron had the

lowest separation efficiency at 49.5 + 1.96 %.
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Figure 4.19 Morphological structure of and Na-AC/AM copolymers (10 and 55 Na-
AC %) coating mesh prepared from a stainless steel mesh with a pore diameter of 55
and 200 um. A and C) are large-area view of the copolymer coating mesh with 10 %
Na-AC coated on 55 and 200 micron meshes, respectively; B and D) morphological
overview structure and cross-sectional of 10 % Na-AC copolymer. E and G) large and
view of the coating mesh with 55 % Na-AC copolymer on 55 and 200 micron meshes,
respectively; F) and H) large and enlarge area of coating 55 % Na-AC copolymer with
higher-magnification images of the copolymer, which indicates the higher swelling of

copolymer.

4.6 Separation of Phenol using PAM Hydrogel-Coated Mesh

We tried to separate phenol from water (10/90 wt. %) by using PAM hydrogel
coated mesh. The measurements were done for one time for different concentration of
monomer on different mesh size (55,65,80 and 200 micron), as a trial but did not
work. Spectrophotometry was used to measure the unknown phenol % in water after
separation. The result was that some phenol passed through the mesh and the
separation efficiency increased with increasing monomer concentration. However, the
efficiency was low and considered to be not worth it. Therefore, we conclude that
PAM hydrogel coated mesh cannot be used for separation of phenol from water. Since
phenol is polar it passed through the mesh along with the water. Figure 4.22 illustrates
the separation efficiency of 10 % phenol with max 60 % based on AM 60%, and it

decreased with the thinner coated mesh.
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Figure 4.22. Separation efficiency of 10 % of phenol in water by PAM hydrogel
coated meshes with three different AM content in PAM, which approved that

PAM is not suitable to separate phenol from water.
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions

The results presented in this study demonstrate the effect of hydrogel-coated mesh
on the separation of oil from water using a photon-initiated polymerization of the
PAM polymer and Na-Ac/AM copolymer. On the basis of the results obtained
throughout this work, the following conclusions can be stated:

(1) Water recovery ranged from 93 to 98 % for all mesh sizes and fluctuating based
on the mesh sizes and monomer concentrations. The reasons for this high recovery
being not 100 % are the higher possibility of water getting absorbed by the hydrogel,
tightness of sealing, and adhesion force between water and glass tube.

(2) As the oil concentration in water increases, the separation efficiency decreases.
This is equivalent to an increase in the pressure of oil, which allows passing of small
amounts of oil through the pores. Therefore, Hydrogels work better with lower oil
contents.

(3) The hydrogel coated mesh works by interacting differently with a species that is
both hydrophobic and hydrophilic which was proved by measuring the contact angle
of water in air which was less than 5° on the coated mesh. PAM polymer and Na-
Ac/AM copolymer hydrogel coated meshes are super-hydrophilic in an air-solid-
liquid three phases with both the contact angle of oil and water lower than 15 degree.
Under-water, PAM hydrogel coated mesh become highly repulsive for oil, which was
confirm from underwater OCAs of the four different size of meshes that are found to
be greater than 90 degree, which indicate the hydrophobic properties of the coated
mesh under water. This means that the oil cannot penetrate through the coated mesh

while water is absorbed through the mesh.
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(4) The difference in the water flow or separation time becomes smaller with
increasing the mesh’s pore size up to 80 micron, while separation time was higher for
200 micron mesh as more hydrogel was blocking the pores. In contrast, the separation
time was faster with the copolymer due to the higher swelling capacity of the
copolymer. Therefore, under-water oleo-phobic properties of the PAM coated mesh
make it a promising technology for many applications, such as for wastewater
treatment.

(5) HCP measurements proved that hydrogel gets thicker with increasing total
monomer concentration. Hydrogel with low monomer content was thinner than with a
higher monomer concentration, and the separation time is faster but separation
efficiency is less than that of thicker hydrogel.

(6) Copolymer Na-Ac/AM with 55 % Na-Ac had the highest swelling capacity, and
homo-polymer 50 % AM had the lowest swelling capacity.

(7) SEM images were used to prove the effected of the monomer concentration on the
separation efficiency of the polymer and copolymer that affect also the swelling

index.

5.2 Future Work and Recommendations

* In this work, only two levels of Na-AM feed composition were synthesized and
tested. For more understanding of swelling mechanism, more experiments with
different feed compositions should be investigated.

* For more applications in different industries, further experimentation with various
oils and mesh sizes is recommended. Moreover, it is also recommended to try
different applications such as separation of Sodium Chloride from water by using
PAM, PAM plus CNT’s and PAM-CNT’s plus an additive such as Silicon
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hydrogel-coated mesh to minimize the salt to get more separation efficiency.

As stainless steel mesh was used for mechanical support, a biodegradable mesh
made of coconut fibers or plain fibers can replace this. It would be biodegradable,
environmentally friendly, lighter and cheaper than steel and at the same times
ensures strength required for liquid/liquid separation applications.

Since phenol is polar it passed through the mesh along with the water. As the
phenol is polar it may react with the polymer, therefore it is recommended that
adding additives like silicon to the polymer might prevent phenol from reacting

with the polymer.
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