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ABSTRACT

HAILAN, SARAH M., Masters: June: 2022, Material Science and Technology

Title: SEPARATION OF OIL/WATER MIXTURES BY CHEMICALLY MODIFIED

MELAMINE FOAMS

Supervisor of Thesis: Krupa, Igor

Polymeric foams represent suitable porous sorbents for separating various
contaminants dispersed in water. One of the most common polymeric foams is
melamine (ME) foams, which are particularly suitable for removing oil impurities from
water. The commercial ME foams provide facile, low-cost, recyclable, and efficient
methods for treating oily water. ME foams are inherently highly oleophilic and
hydrophilic. However, for practical reasons, it is suitable to enhance, or at least
conserve olephilicity on the one hand, but suppress hydrophobicity on the other hand,
and vice versa, to ensure efficient separation of oil/water mixtures.

In this work, a simple modification of ME foams was realized by their
immersion in FeCls solution. The process, due to the reaction of melamine resin with
Fe3* cations, leads to the significant enhancement of hydrophobicity of ME foams
(water contact angle >150°), maintaining their superolephilic character (oil contact
angle ~ 0°).

The modified foams performed excellent separation efficiency for treating of
various oily emulsions, synthetic produced water, oil/water mixtures, and showed high
sorption ability of free oil.

Two types of oil in water emulsions were prepared and studied in this work,

namely emulsions prepared by dispersion of diesel oil in distilled water, and synthetic



produced water, which was prepared in such a way to mimic the real produced water
by-produced from the petroleum industry. The ME foam purified highly concentrated
diesel emulsions up to 1000 ppm of oil component with an efficiency of 94%. Synthetic
produced water was also treated successfully by the modified foams with 91%
efficiency. Even much higher separation efficiency was demonstrated for separation of
o/w mixtures with volume portion of oil up to 60 vol.%., where the separation efficiency
was greater than 99%. Finally, the oleophilic foams also exhibited high and fast sorption
capability to remove free oils having an oil sorption capacity of 98-112 g/g. The
approach explored in this work represents a cost-effective, scalable, and facile method
of modifying ME foams, making them a feasible sorbent material for treating different

types of oily polluted waters.
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CHAPTER 1: INTRODUCTION

1.1 General background

Oil and gas refining and processing is the backbone of the economy of many
countries, especially in the Arab Gulf states. However, the petroleum and gas industry
produce vast amounts of wastewater that cannot be disposed into the environment
directly as it contains harmful oils and organic contaminants. Therefore, it is essential
to treat wastewaters before releasing them into the environment. In detail, the by-
product water resulting from the petrochemical, aluminum, steel, and food industry is
termed as ** produced water’’ or °” oily wastewater”’. It is becoming an environmental
pollutant due to its tremendous volume. For instance, in 2014, the volume of produced
water was around 202 billion barrels increasing to 340 billion barrels in 2020 [1]. These
huge volumes spotlight the importance of the oil/water separation field as such

produced oil threatens the ecosystem.

Indeed, produced oil discharge is not only a serious environmental pollutant,
but its danger also exceeds to even economic, energy, and health issues. For example,
the complete elimination of water from fuel oil is crucial in ships, airplanes, and
automobiles as even small amounts of water can lead to an expulsion that threatens
transportation safety [2].

The efficient treatment of oil/water systems depends on the morphology of
those mixtures. Generally, oil in water can occur as free oil, mostly floated on the water
surface, dispersed, and emulsified depending on the size of the oil droplets in the water.
Free oil is the one with the largest droplet size of greater than 150 um or occurring as a
continuous layer, dispersed oil droplets range from 20 um up to 150 um, and emulsified
oil droplets are smaller than 20 um. Emulsified o/w mixtures are the most complicated

mixtures because their droplets size is very small [3]. Emulsified oil results in huge
1



volumes in the petroleum industry because high amounts of surfactants and other
polymeric additives occur in the oil recovered from the by-pass oil process and the oil
trapped in porous reservoirs [4]. Demulsification of oily wastewater emulsions is a
target surrounded by many challenges associated with very high stability levels and
very small oil droplet sizes. Emulsified wastewater is commonly defined as a mixture
of oil and water that is highly stabilized by various surfactants, and the average size of
the oil droplets is below 20 um. In another definition, emulsions are mixtures with oil
droplets with even smaller scales from 0.1 to 10 um, associated with the visible light
range [5].

Since the separation of oil/water emulsions is challenging, it is fundamental to
know the science of emulsions in-depth and explore their efficient separation processes.
Conventional methods have been widely used for o/w separation, including
centrifuging, gravity separation, ultrasonic separation, and biological treatments via
different physical, chemical, and biological-based routes [5-7] [8-11]. However,
conventional methods suffer from low efficiency, complexity, and the generation of
secondary pollutants. Thus, conventional methods are replaced by membrane
technology and sorbent materials.

Membrane technology is used to separate stable o/w emulsion, organic
molecules, and dissolved oils by reverse osmosis techniques and size exclusion
principle. However, although membrane technology can reach high purification levels,
the membrane usually becomes fouled by oil, and needs to be renewed which is a very
costly process. In addition to conventional methods and membrane technology,
different organic materials (polymers) and inorganic materials were also employed to
absorb oil form o/w mixtures selectively. Still, those materials are limited by the low

separation efficiency and non-recyclability factor. Besides, those materials ended up



being burned or buried under the ground, which is not accepted as it causes toxic gas
emissions and very serious ground contamination [12,13]. As an alternate, great
attention is paid towards using polymeric foams particularly melamine among other
foamy materials including, polyurethane (PU)[14], PDMS, polystyrene [15],
polydimethylsiloxane [16], polypropylene [17], and chitin [18]etc., because its
performance in terms of o/w separation was outstanding compared to other reported
foams.

Melamine foams are particularly suitable for different routes of o/w separations.
This is because these foams represent a highly porous 3D network (around 98 vol.% of
pores), chemical, thermal, and mechanical stability, easy availability, and low cost.
Moreover, there are many possibilities for desirably modifying their wettability. The
wettability of the foam can be tailored to attain a hydrophilic or hydrophobic surface.
Furthermore, melamine foam is associated with very high elasticity enabling it to be re-
used for thousands of cycles [19,20]. However, melamine foam is oleophilic and
hydrophilic by its nature. Its wettability demands various physical and chemical
modifications on its structure to switch it into the super hydrophobicity or
superoleophobicity behavior. Many researchers functionalized melamine foam mainly
by chemical etching and binding with nanomaterials [21]. However, those techniques
are limited by the brittleness, high cost, and the damage they may cause to the
environment, especially in the etching technique. [21] For that reason, there is a
fundamental need for an environmental-friendly, facile, and scalable functionalization
method that provides separating melamine foams with high efficiency and great
robustness. In this study, melamine foam was modified by immersion in ferric chloride
solution, which led to the creation of superhydrophobic/superoleophilic material. The

main effect is switching the foam wettability from being originally a superhydrophilic



material into a hydrophobic one. Indeed, this treatment is very efficient, eco-friendly,
very simple, and a short-time consuming process. The as-modified foams by this
method can separate oil in water emulsions and dispersions of various concentrations
with high efficiency and remove free oil from water surfaces with a negligible water
intake.

1.2 Research objectives

This research is focused on the efficient separation of oil in water mixtures. The
particular interest is in a purification of emulsified (colloidal) o/w mixtures applicable
for tertiary treatment of produced water. Indeed, a separation of o/w mixtures with high
oil content, as well as sorption of neat oils was investigated as well. The separation of
oil from water was realized by modified ME foams. Melamine foams are naturally
hydrophilic and oleophilic materials. After treatment through crosslinking by ferric
chloride, which forms a metal complex with melamine, the foam wettability turned
from hydrophilic to hydrophobic, which is a favorable property for selective separation
of various o/w mixtures. The ferric chloride as a modifying agent was chosen due to its
high efficiency, low cost, and nontoxicity. The efficiency of the treated foams for
separating various oily wastewater emulsions and dispersions has been tested at
different oil concentrations and conditions.

The objectives of this thesis can be summarized as follows:
i.) Preparation and characterization of superoleophilic/superhydrophobic
foams by modification of commercial ME foams through immersion in
FeCls solution
ii.) Separation of oil /water emulsions. The initial tests were performed using
diesel oil as a contaminant, and the synthetic produced water mimicking real

produced water was used.



iii.)  Separation of highly concentrated oil in water mixtures (up to 60 vol.% of

diesel oil content)



CHAPTER 2: LITERATURE SURVEY

2.1 Melamine foams

Melamine foam is a lightweight thermoset sponge with a porous 3D crosslinked
networked structure that was successfully developed in the 1990s. Melamine foams are
preferred over other foamy materials such as polyethylene, polypropylene, and
polyurethane because the crosslinking degree in the melamine resin is the highest, along
with higher cold resistance and heat stability. Due to the heat insulation feature
associated with melamine foam caused by its rich nitrogen content, it is commonly used
as a flame retardant in upholstered furniture, and up to this date, no adverse effects have
been reported due to exposure to melamine when used as flame retardant which
confirms that melamine is toxicologically safe. However, melamine resin (melamine
sponge) is commonly referred to as melamine. The fabrication of melamine resin is
based on the processing of melamine monomers. The decomposition of urea achieves
the synthesis of melamine monomer. The synthesis of melamine monomer is carried
out by two main methods: (i) liquid phase reaction, without catalyst under high
pressure, and (ii) gas-phase reaction, with catalyst under low-pressure [22]. In either
reaction, urea is decomposed into ammonia, and cyanic acid condenses to form a
melamine monomer. Following that, the monomer is polymerized, crosslinked, and

finally foamed to convert melamine monomer into melamine resin.

Melamine has many various advantageous features. For example, ME has sound
absorption ability. Also, it has thermal insulation properties and strong temperature
resistance up to 240°C. ME retains its properties over a wide temperature range and
remains flexibly even at -200°C. Moreover, ME foams has a great resistance for
abrasion and chemicals (organic solvents). The properties mentioned above are selected

for the o/w separation process as it is feasible for such application [22]. Melamine foam,
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lightweight with its 3D connected fibrous structure, enables it to absorb water or oil
with high capacity depending on the modification. Its elasticity ensures that it is a
durable and recyclable technique. Indeed, its low cost and availability confirm that it is
the most cost-efficient technique among other oil/water separation technologies.

2.2 Emulsions

In general, an emulsion is a colloidal system formed by two immiscible liquids.
In the framework of this thesis, emulsions are created by either diesel or crude oil
dispersed in water with and without surfactants. Emulsions prepared without surfactant
were produced using intensive ultrasonication, ensuring sufficient homogenization of
the mixtures. Despite that, according to the classical physical chemistry of colloids, the
upper size of the dispersed phase is in the range of 0.5-1 um, it is frequently referred to

in literature that stable emulsified oil has a particle size below 20 um [21].

Emulsified oil is the most challenging type to treat due to the very small
droplets, and it is the most harmful type [23,24]. Indeed, the main reason behind the
high stability of wastewater emulsions is the presence of surfactants, also called

emulsifiers, which can be presented in wastewaters in large amounts.

Surfactants are chemicals that create self-assembled clusters called micelles
when added to two immiscible liquids. The chemical structure of surfactant includes
two different functional groups within the same molecule. Amphiphilic surfactants
contain two main functional groups which are: (i) hydrophobic group, mostly long alky!l
chain of around 8-22 carbon atoms, and (ii) hydrophilic group, which has an affinity
towards water. This unique chemical structure enables surfactants to mix two liquids
that do not mix naturally. This is because when surfactants are added to the oil/water

mixture, the hydrophobic tail of the surfactant binds with non-polar oil droplets.



In contrast, the hydrophilic head of the molecule binds to the water molecule.
With the growing number of oil droplets, the surfactant molecules attached to the oil
droplet through the tail coalesce tighter, forming what is called’’ micelles’’ as shown
in figure 1. When the surfactant atoms shield the oil droplet within the micelle, the
presence of oil in water becomes more uniform and highly stable for a longer time than

the oil/water mixture, which is quickly distinct [21].

surfactant

Hydrophilic portion
S—— Hydrophobic portion

Oil droplet

4

Emulsion Molecular micelle
Figure 1. The formation of molecular micelles containing oil droplets shielded by
surfactant molecules.

2.3 Surface wettability

Pristine ME foam is naturally oleophilic and hydrophilic. However, this
wettability must be switched into the manner where the foam selectively absorbs oil
and repel water by enhancing foam’s oleophilicity and reducing its hydrophilicity. This
can be achieved by applying suitable chemical or physical surface. Surface wettability
of any materials is investigated by the contact angle measurements, which are held by
dripping polar and non-polar liquids on the material surface. In that system, three main
phases exist, including the (i) solid surface, characterized by surface tension, (ii) the
surface energy of the liquid, and (iii) the surrounding phase, which is in contact with

both former phases, and it is usually air (zero surface energy).



For the case of o/w emulsions and mixtures, the solid phase is represented by
the sponge, the liquid phase is represented by the oil, and the third phase is the water
(pure or brine). Hence, performing oil contact angle underwater is crucial for
determining the sponge wettability towards oil. Considering the situation above,
namely the determination of underwater contact angle of oil on a solid surface, the

contact angle can be expressed by Equation (1) [25]:

Tsw
COSQy =254 (1.2)

Twa

Tso™Y
cos@,=150sA (1.2)

Toa

Yy A COSOO -V » COSOW
cos@gy=-242 A (1.3)
Tow

Where yoa, yow, and ywa reflect the interfaces of oil/air, oil/water, and water/air,
respectively. ®o, ®ow, and Ow represents, respectively, the contact angles of oil under
air, oil contact angle under water, and water under air. From Eqg. 1 it can be concluded
that hydrophilic surfaces in air surroundings are also oleophilic in air surrounding
because of yoa << ywa. Moreover, hydrophilic surfaces in the air are also oleophobic in
water, as shown in Eql.2. [28]. There are different models addressing wettability
reported in literature; the oldest one has been developed by Young (1805) [27].
Wettability of smooth chemically homogeneous solid surface is described by the
following equation (Eq. 2):

(Ysa—YsL) )

YLA

cosO =

where ysa, Vs, and yp5 are the surface free energy of solid/air, solid/ liquid,
and liquid/ air. The wettability of rough surfaces is described by Cassie and Baxter
model (1944) [28], which postulated that a liquid droplet cannot penetrate through the
cavities of the rough surface as those cavities are accumulated by air molecules which

leads to a composite interface. The following equation was proposed based on that
9



model (E.q.3):
cosB, = Fg;cos6; + F; 4c050, 3)
Where Fs_ is the fractional area between the solid surface and the liquid droplet,
and Fpa is the fractional area between the liquid droplet and the air trapped inside the
pores of the rough solid surface. 6;and 6, are, respectively, the contact angle of the
liquid droplet in contact with the solid surface and in contact with the air. For the
proposed composite interface of this model, the air trapped in the rough surface cavities
IS non-wetting (6,=180°) and FsL+FLa=1. Figure 2 summarizes the surface wettability

of various interfaces.

Solid-air-water interface Solid water-oil interface
Hydrophilic Oleophobic if ypco50y < yycosty
Vsa = Ysw Oleophilic if  yg, 0805 = yycosly
Solid-air-water interface Solid-air-oil interface Solid water-oil interface

o Oleophobic if y, c050, < yy cos0y
Oleophobic if 75 < 750 . Oleophilic if yo,c050p > YycosOy
Hydrophobic —

Vsa = Vsw Oleophilic if yg, = y50 —  Oleophilic

Figure 2. Summary of wettability characteristics of various interfaces.

Indeed, a wettable surface will enable liquid to be absorbed into it through the
pores, and the detected contact angle must be less than 90°, whereas, on a non-wettable
surface, the liquid droplets will remain on the surface retaining its quasiparticle shape
with a high contact angle larger than 90° for phobic materials and even greater than
140° for “’super-phobic materials’” [29]

The surface energy between the solid phase (foam surface) and the liquid that
is physically contacting the solid phase, the roughness of the solid phase, and the
surface charge are all curial parameters affecting the surface properties and its

correlated wettability. The highly stable oxygen-hydrogen covalent bonds of water are
10



the source of the high surface tension of water (72.8 mN/m) [30]. Indeed, the surface
tension of oil is much lower than that of water because the strength of hydrocarbon
bonds is less. For that reason, separatory polymeric foams must be modified so that
their surface energy is in between the surface tensions of water and oil [30-33].
Moreover, melamine foam surface is smooth, but when modifying the foam, creating a
rough surface is demanded because it will provide capillary forces for oil to penetrate
and travel through the foam while water will be prevented from entering with the help
of rough surface [34]. Furthermore, the existence of any charge on the foam surface can
enhance or devalue the performance of foams. To clarify, a negatively charged surface
such as a foam containing fluorinated ions will repel the water molecule's hydroxyl
side, which boosts the surface hydrophobicity [33].

In addition to the surface topography, the internal structure of foam significantly
influences its wettability, including the porosity of foam, pore size, and total
interconnectivity. Porosity is directly related to the sorption capacity of foam because
when the foam is very porous, the gaseous phase volume is high, which increases the
available volume for sorbate liquids.

It is well established that the greater the porosity of foams, the higher the oil
capacity of the foam becomes. This is clearly because the amount of the gaseous phase
in the foam will be higher, thereby the volume of the absorbed oil. The correlation
between absorption capacity (AC) and foam’s porosity was described by Pinto et al.

where p¢ is the foam density and p,;; oil density (Eq.4) [35]:

_ Poi
AC = Vf.p—fl (4)

Indeed, the interconnectivity between the pores provides well-connected

capillary forces that enhance oil sorption. Moreover, capillary forces, which absorb the

11



oil, depend on the pore diameter. Thus, adjusting the foam’s pores size along with the
properties of the oil (surface tension and viscosity) can help the foam to reach its
maximum sorption capacity with longer retention times. Moreover, interconnectivity
within pores is critical as it allow the liquid to travel and penetrate through the foam
and as the pore’s connectivity approaches 100%, the oil intake will be the maximum in
very short times.

Nonetheless, foam’s tortuosity influences the sorption rate. For instance, a
certain surface tortuosity can establish longer paths for oil until it finally reaches the
inner pores thereby decreasing the sorption rate.

2.4 Chemical modifications of melamine foams

Melamine foam is hydrophilic by nature, and to switch its surface wettability
into hydrophobicity, a suitable chemical modification must be performed. The methods
of modification, conditions and modifying materials are various, and each method has
its success and its limitations, but the goal remains to be finding a feasible method that
produces the most efficient polymeric foam with high separation efficiency, simple
recycling and recovery, good mechanical properties, and a reasonable price. For
example, Ruan et al. [36] utilized perfluoro-organic materials (1H, 1H, 2H, 2H-
perfluorodecanethiol, and dopamine to coat the ME foam surface schematically shown
in figure 3. The water contact angle of the coated foam was ~154°, and its sorption
capacity was 68-172 g/g. Nonetheless, perfluoro-organic materials are well known to

be expensive and toxic, which is not practical for large-scale applications.
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ME foam fibers Dopamine particles 1H, 1H, 2H, 2H-perfluorodecanethiol

Figure 3. Schematic representation of the modification of ME foam using dopamine

and perfluoro-organic materials

Nanomaterials have also been utilized to modify polymeric foams, mainly using
microwave/ultrasonic-assisted deposition or via the combination with organic
materials. In this regard, Gao et al.[37] modified ME foam by combining
vinyltrimethoxysilane (VTMS) polymer and silica nanoparticles. The modified foam
performed high sorption capacity (60-109 g/g), and the water contact angle was more
than150°. However, although the as-fabricated VTMS/silica modified ME foam
presented excellent WCA and great sorption capacity, its poor reusability caused by the
frequent aggregation of silica nanoparticles devalued its feasibility to be used for large-

scale applications.

Carbonization approach has also been tested for the modification of melamine
foam. Stolz et al. [38] carbonized melamine foam by pyrolysis at 500°-600°C under
inert gas for 1h (figure 4). The obtained foams performed high absorption capacity of
90-200 g/g. The water contact angle of the carbonized foams was in the range of 120°-

140°. The carbonization process had successfully reduced the surface energy, but, on
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the counter, it demolished the foam’s mechanical properties, which makes it insufficient

in terms of reusability and durability.

Raw 300°C 400°C 500°C 600°C 700°C 800°C

B3 w4 5 6.7 8 9. .90.8

Figure 4. Photographs of pristine and carbonized ME foam (300-800°C) along with
their contact angle images. At 300°C and 800°C, the carbonized foams absorbed the
water droplets wholly and rapidly.

Indeed, in the literature, variant treatments following different approaches were
applied to pristine ME foam and tested for demulsification processes of oil in water
emulsions (OW) and water in oil emulsions (WO) with surfactant (SOWE, SWOE) and
without surfactant. Table 1 summarizes the recent, most efficient studies.

Table 1: Treating materials developed for modifying ME foams, the resulted WCA (°),
corresponding absorption capacity (AC) in g/g, demulsification efficiency (%) and type

of utilized emulsion

Treatment WCA AC Efficiency Emulsion Ref.
Polybenzoxazine 162° 170 99.9% SWOE [39]
Reduced graphene oxide 164° 0.002- 95-97% OWE [40]
5647
B-FeOOH NPs 155° 65-136 99.5% OWE [41]
Caffeic acid-PEI 150° - 97% SOWE [42]
Dopamine (DA) +PEI 142° 67-177 94% OWE [43]
Mg (OH)2 160° 70-190 99.7% OWE [44]
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Treatment WCA AC Efficiency Emulsion Ref.

Co-ZIF-L - 26-61  98% OWE [45]
PDA/DDT 158° 45-99  77-94% OWE [46]
Fe304 NPs+PVDF-HFP 130° 29-44 - WOE [47]
Carbonization + perfluoro- 158 17-43 - OWE+SO [48]
organic materials WE

However, to this end, the current modification methods suffer from either low
efficiency, high cost, toxicity, or brittleness. For that reason, herein, modification
technique based on crosslinking ME foam with ferric chloride. This treatment is facile,

low coast, and very environmentally friendly.

2.5 Modification by ferric chloride

Various modifying approaches have been reported in the literature, but only a
few of those approaches are facile, cheap, reusable/recyclable, and environmentally
friendly. Reusability is a key parameter when it comes to modified polymeric foams
as the primary purpose standing of choosing them in the field of o/w separation is the
fact they are cost-efficient. From an economic point of view, if the polymeric foam is
not reusable and must be replaced each time, this method is no longer cost-effective.
For this purpose, the method introduced in this work for modifying melamine foams
accounts for the recyclability factor and the utilization of environmental materials via

the facile procedure.

The approach is based on the crosslinking of the melamine sponge with FeCls.
The transition metal complex induces hydrophobicity. In detail, ME foam is a polymer
consisting of the 2,4,5-triamino-s-triazine repeating structural units, which by hence
means that the foam is rich in nitrogen content having unpaired electrons in its atom.
However, when transition metals are added to the polymeric foam, they reduce the foam

polarity, constructed by unpaired electron pairs of a nitrogen atom, forming a

15



coordination metal complex structure (shown in figure 5). It was shown that low
concentrations of transition metals are enough to produce superhydrophobic foam [21].
For instance, ME foam modified by only 0.001M FeCls was superhydrophobic with a

water repellent angle of >140°.

Figure 5. Formation of transition metal complex between the transition metal and ME

foam.

2.6 Demulsification

The demulsification process by modified foam begins initially by placing the
foams on the surface of the emulsions. Then, emulsion starts to penetrate the foam. In
the case of oil in water emulsions, emulsion inter the skeleton of the foam. When it
penetrates, oil gets absorbed onto the internal surface of the foam due to lipophilicity.
The continuous sorption of emulsion increases the oil content inside the foam, which
may promote coalescence between oil droplets forming large particles and saturation
of foam by oil phase while the amount of water within the foam decreases until it

ultimately repelled out as schematically shown in figure 6 [21].
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Figure 6. Demulsification by modified ME foams
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CHAPTER 3: METHODOLOGY

3.1 Materials

Commercial melamine foams were purchased from LTWHOME. Ferric
chloride (FeCls,97% purity) was purchased from Research-Lab Fine Chem Industries
and used for the ME modification as received.

In addition, the following salts were used for the preparation of synthetic
produced water: potassium chloride (KCI) (99%) obtained from Sigma-Aldrich, sodium
sulfate anhydrous (Na204) (100%) obtained from VWR chemicals, sodium dodecyl
sulfate surfactant (C12H2sNaO4S) obtained from Riedel-de Haén, calcium chloride
(CaCl) (90%), ammonium chloride (NH4CI) (99.5-100.5%), sodium chloride (NaCl)
(99.5-100.5%) and magnesium chloride (MgCl2) (95.21%) all obtained from BDH
Chemicals Ltd Poole.

3.2 Experimental
3.2.1 ME foam crosslinking with FeCls

The modified foams were prepared by immersing the foams in ferric chloride
solution at four different concentrations (0.001M, 0.005M, 0.01M, and 0.02M) at room
temperature for 15 minutes. Then, foams were further washed with distilled water to

eliminate untreated FeCls residues (figure 7,8).
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Figure 7: Photoshoot of white pristine ME foams and treated ME foams (0.01M

appearing in yellowish color.

o= ey
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\‘. ® 7 Drying at 120°C

Immersing in FeCl3 solution
Figure 8. Sketch of the preparation process of modified foams via immersing in FeCls

solution.

3.2.2 Preparation of emulsions from diesel oil

The first emulsions were prepared using diesel oil as a model oil contaminant
dispersed within the water. Different concentrations were prepared by adding an
appropriate amount of diesel oil into distilled water. The solution was then sonicated

by probe sonicator for 40 min at room temperature.

3.2.3 Preparation of synthetic produced water

The preparation of synthetic produced water (PW) was performed according to
Dardor et al. [49]. A research team from ConocoPhilips in Qatar has developed this

protocol to mimic real, low salinity produced water were added to 1000 ml of distilled
19



water and stirred for 30 minutes, then, to 500 ml of that brine, 0.18 ml of crude oil was
added. Following that, the low salinity emulsion was moderately stirred for 30 min and
sonicated by a probe sonicator for 30 min. Finally, the synthetic produced water was
left in a funnel for 4h to remove the formed thin oil layer, and the rest of the emulsion
was then used for further tests. It has to be mentioned here that despite the constant
preparation route, the multiply preparation of synthetic water has led to various values

of organic carbon content in prepared emulsions, roughly in the range from 170 to 230
ppm.

3.2.4 Sorption experiments

Most of the sorption experiments were done in falcon test tubes of 50 ml. The
size of testing foams was arbitrarily chosen at 1.5 x 1.5 x 1.5 cm. The number of testing
foams varied from 1 to 7 pieces. Testing foams were inserted into tubes and filled with
testing emulsions. Sorption experiments were realized over the selected time periods
from 1 to 24 hours at room temperature. The tubes were shaken by a mechanical shaker
to suppress the formation of concentration gradients within emulsions during the

experiment duration, as shown in figure 9.

‘ «

Falcon tube
FeCls/ME foams

= Mechanical shaker

Figure 9. Sketch of the experimental sorption setup
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3.2.5 Demulsification experiments

Multiple emulsions of different concentrations were prepared, and sponges were
added to those emulsions to demulsify them. In those experiments, the emulsion was
prepared, treated foams were added, and mechanically shaken for selected periods. Post
that, the foams were taken out of the emulsion and squeezed out to release highly
concentrated emulsion while the tube containing the filtrate is oil-free to a certain extent
dependently on the foam efficiency (figure 10). However, the filtrate concentration was

consistently determined by TOC measurement.

W

Clean water filtrate

Squeezing oil out
Sorption Experiment

Figure 10. Demulsification experiment set up of modified foams
3.2.6 Sorption/Desorption Cycles tests

Sorption/ desorption cycles were done by immersing the foams in oil for 10

minutes, followed by squeezing out the foam by syringe (figure 11).
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Figure 11.Schematic representation for the sorption/desorption cycles of oil by

modified foam to determine its sorption capacity recyclability
3.2.7 Absorption capacity measurements

Modified foams with dimensions of 1.5 x 1.5 x 1.5 cm were used to test the
foam's absorption capacity to oils of various densities (diesel, motor, and crude oil).

Oil’s sorption capacity was calculated based on the following formula [50]:

) ) m; —my
Absorption capacity (AC)(g/g) = Tm.
0

Where mp and m; are the foam's initial mass and the foam's mass after absorbing the
oil.

3.2.8 Density Measurement

Stock size sponge (3 x 6 x 9 cm) was used for determining the density of the foam by

the following formula:

mass

3y _
p(g/em?) = volume

The density of treated foam was found to be 0.007 g/cm?.
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3.3 Characterization Techniques

3.3.1 Surface morphology analysis and elemental analysis

The morphology of untreated and treated ME foams were analysed by scanning
electron microscopy (SEM), (FEI Quanta 200 ESEM, Thermo Fisher Scientific ™,
USA) equipped with Energy-dispersive X-ray spectroscopy (EDS) by Secondary
electron images with 3 kV and different magnifications. All specimens were sputter-
coated with 2 nm gold before the use of the SEM. The unmodified and modified foam
with the concentration of 0.01M was observed at different magnifications: 100x, 250,
500x, and 1000x. The distance between the electron source and the sample surface
(working distance, WD) was set within the range of 4.5-6.8 mm. The acceleration

voltage was 5.0 kV.

3.3.2 Topography measurement

The topography of the oil droplets in emulsions was characterized by
profilometry (The Optical Surface Metrology System Leica DCM8, Mannheim,
Germany). This system allows measuring the 3D surface topography of larger surface
areas with no limits to the roughness. It contains five objectives with different
magnifications (5x, 10x, 20x, 50x, and 100x), allowing for analysis of samples using
different-size areas, and a highly sensitive detector (1.4 million pixel resolution) was

used for obtaining confocal images.

3.3.3 Composition analysis techniques
Fourier-transform infrared spectroscopy (FTIR) (Spectrum 400, PerkinElmer,
USA) was employed to identify chemical shifts caused by ferric chloride binding to the

ME foam at the four different concentrations. FTIR spectra were recorded for modified

melamine foam surfaces in the wavenumber range of 500-4000 cm L,
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3.3.4 Surface wettability investigation

The surface wettability of foams through the contact angles measurements was
investigated by System OCA 35 (Dataphysics, Germany). The test was done using three
different liquids: ultrapure water, diesel oil, and motor oil. Contact angle measurements
were done in the air and under water. The test was done by dripping testing liquid
droplets of 3uL volume at a constant flow rate of 2 pL/s on the foam's surface. The
droplets were released at different surface areas, and multiple readings were obtained
to attain representative average contact angles. Moreover, the surface wettability of
foam was determined by different approaches, including oil contact angle under air
surrounding, water contact angle under air, and oil contact angle under water

surrounding for neat and treated foams.

3.3.5 Characterization of size and surface charge of oily emulsions

All the as-prepared emulsions were always firstly characterized by dynamic
light scattering (DLS) and Zeta potential (ZP) measurements.

DLS, also known as quasi-elastic light scattering or photon correlation
spectroscopy, was used to determine the colloidal size of the oil droplets in the OWE.
ZP, also known as Electrokinetic potential, was used to determine the repulsive force
between particles in their charge. The two techniques are evolved in one instrument
called the Zetasizer. Malvern labs provided the Zetasizer instrument utilized in this
work. Both types of measurements were performed by preparing 12 ul homogenous
samples and placing them in disposable glass cuvettes DTS1070 (3 x 3 mm, 5 x 5 mm,
or 10 x 10 mm) for the DLS and 2 pl sample using ZS90 cuvette for the ZP. Each
measurement was performed in triplets.

3.3.6 Determination of emulsions concentration
The concentration of oil in emulsions which is the amount of oil present in the
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prepared emulsion was determined frequently using the total organic carbon technique
(TOC) provided by Analytikjena. TOC is the amount of carbon in an organic compound
commonly used as an indicator of water purity. There is also another different mode in
the instrument, including the analysis of total carbon (TC), total inorganic carbon (TIC),
and non-purgeable organic carbon (NPOC). The last-mentioned method involves
acidifying the sample with phosphoric acid, then purging the sample with a nitrogen
carrier gas, and then the amount of organic carbon in liquids is obtained. NPOC mode

was mostly used for identification of oil concentration in emulsions.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Characterization of modified foams

The most significant key parameter in determining the feasibility of any
possible o/w separation material is wettability tests, characterized by the contact angle
measurements. However, when performing the test, it was found that the pristine foam
is superhydrophilic with 0° under the air surrounding. On the other hand, modified
foams of all concentrations were superhydrophobic with a similar water contact angle
(all above >140°). In detail, the WCAs of modified ME foams with the concentration
of 0.001M, 0.005M, 0.01M, and 0.02M were 146° + 2°, 148° £ 4°, 153° + 2° and 150°
+ 4° (figure 12), respectively. Indeed, the water droplets, when released onto the treated
foam surface, retained their quasiparticle shape as shown in figure 13. However, the
results indicated that even low concentrations of ferric chloride (0.001M) are sufficient
enough to produce superhydrophobic foam with superior water-repellent angle of
146°+2°.

Further increase in the concentration, did not lead to a significant enhancement
in the WCA; however, a slight increase was detected, and the highest repellent angle
was associated with the concentration of 0.01M, so this solution was arbitrarily chosen
for further experiments. Moreover, the obtained WCAs were significantly higher than
the results reported by Ding et al. [50] for the same treatment. In his paper, Ding et al.
immersed ME foams in FeCls solution at different concentrations and the WCA for the
0.001M, 0.005M, 0.01M, and 0.02M were 123° + 8°, 121° + 8°, 127° £+ 10°, 127°+ 9°

which are less by at least ~15° than the results reported in this work.
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Figure 12. The water contact angles of modified ME foams

Figure 13.Photoshoots of the water droplets deposited on the surface of the treated

foams.

Moreover, for the oil contact angle under air, all foams (pristine and modified)
with no exceptions were oleophilic with 0° contact angle. However, for the oil contact
(diesel and motor) angle under water surrounding, the pristine foam immediately sank
inside the water once placed on its surface due to its hydrophilicity which prevented the
oil droplets from penetrating into the foam’s skeleton as the skeleton was fully saturated

by water. However, for the case of modified foams, the oil droplets were quickly
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absorbed onto the foam within less than 1s with 0° angle (superoleophilic).

Nonetheless, the morphology of untreated and treated ME foam was
investigated using a 2D scanning electron microscope (SEM) at a magnification of
100x, 250x, 500x, and 1000x as shown in figure 14(A-H). The SEM images showed
that crosslinking by ferric chloride did not significantly change the morphology of the
foam. The foam retained its open cell foamy structure and its smooth fibrous network.
Indeed, in figure 14, H, small particles are observed, attributed to aggregated FeClz salt
particles. However, ferric chloride aggregates can also be beneficial as they provide
some source of roughness to the surface. Surface roughening is demanded because it
provides capillary forces which prevents liquids from entering the groves of the foam.
Metal complex crosslinking lowers the surface energy of the foam and its agglomerated
particles, indeed, roughen the foam surface by creating small gaps throughout the

surface which prevent water diffusion [51].
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Figure 14.SEM images of prestine foam (A,C,E,G) and treated foam (B,D,F,H) at

magnifications of 100x, 250x, 500x and 1000x recpectively
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EDS analysis was performed for cross-section of Fe modified melamine foam.
Figure 15.A shows EDS mapping of foam where C, O, N and Fe was scanned and
shows as different colors. Figure 15.B shows only Fe element where a homogenous
distribution of Fe confirming successful modification of melamine foam. Mass analysis
(Figure 15.C) of EDS identified several elements, such as C as 32.8 wt.%, N 41.6 wt.%,
O 13.6 Fe 5.4 wt.%, CI 5.1 wt.% and S as 1.5 wt.%. C, N and O elements belongs to
melamine foam structure. Fe and Cl belong to FeCls, which was used to modify pristine

melamine. There is Sulphur as impurities most likely from manufacturing process of

melamine foam.

1 Cl
C S Element | Content (wt.%)
( ) 8001 c C 32.8(1.4)
N 41.6(1.7)
. 0 13.6(1.9)
8600‘ Fe 5.4(0.1)
o No cl cl 5.1(0.1)
= S 1.5(0.1)
8400-
Fe
O s
200
‘ Fe
0 '%Wm,« MMM‘-»'—MM . J/‘L,Mm
0 2 4 6 8
Energy (keV)

Figure 15. EDS analysis of modified foams

The chemical composition of the foam after modification by ferric chloride

solution was investigated using FTIR in the range of 4000 cm™ to 500 cm™. For the
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pristine foam, the IR spectrum showed stretching vibration bands at 1542 cm™ and 1329
cm™ which are characterized for the C=N and C-N bands, respectively proving the
existence of triazine ring. Indeed, another vibration mode was detected for the C-NH
bond at 1468 cm™. However, after immersing the foam in ferric chloride solution, the
vibration modes of the triazine ring, 1542 cm™ and 1329 cm™ shifted to lower
wavenumbers of 1539 cm™ and 1326-1328 cm receptively. These shifts indicated the
formation of coordination bonds between the nitrogen atom of the triazine ring and the
metal ion (Fe®*"). Indeed, a shift from 1468 cm™ vibration mode into a higher
wavenumber of 1471-1472 cm ™ was detected, confirming the formation of coordination
bonds between the metal ion and the amino Nitrogen atom (figure 16). Indeed, these
results agree primarily with what was reported by Ding et al. for the 0.05, 0.1, 0.2, and
0.5M FeCls/ME foams, which showed a shift in the vibration modes of 1542 cm™ and
1329 cm? into 1539-1541 cm™ and 1321-1327 cm, correspondingly. Also, a shift in
the 1468 cm™ band into higher wavenumbers (1471-1478 cm™) was reported in the

Ding team’s paper [50].
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Figure 16. FTIR spectra of the pristine ME foam and treated foams

4.2 Characterization of diesel oil in water emulsions and synthetic produce water

emulsions

The size of oil droplets for the as-prepared emulsions was assessed by the DLS.
For the case of diesel oil in water emulsions (DOE), the droplet’s size of 100, 500, and
1000 ppm DOE were found to be 159 + 1, 164 + 2, and 214 + 3 nm, respectively, which
confirm that the particle size for the emulsions is in the emulsified oil range (i.e., < 20
um). Table 2 and figure 17 represent the average particle size and its corresponding

distribution curve.
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Intensity (%)

Table 2. The size of diesel oils droplets in water dispersant of different concentrations
obtained by DLS

Emulsion concentration  Average size (nm)

1000 ppm 214+3
500 ppm 164+2
100 ppm 159 +1
(A) —— Measurement 1-1000 ppm emulsion 124 (B) — Meaurement 1-500 ppm emulsion 12t (C) —— Meaurement 1-100 ppm emulsion
—— Measurement 2-1000 ppm emulsion — Meaurement 2-500 ppm emulsion — Meaurement 2-100 ppm emulsion
—— Measurement 3-1000 ppm emulsion 104 — Meaurement 3-500 ppm emulsion ol Meaurement 3-100 ppm emulsion

Intensity (%)
Intensity (%)
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Figure 17. Particle size distribution of (A) 1000 ppm,(B) 500 ppm, and (C) 100 ppm
diesel oil emulsion

The size distribution of the crude oil-synthetic produced water (PW) is shown
in figure 18. The distribution indicates an average droplet size of 356 + 16 nm

represented by the major peak. The minor peak is related to the presence of some

agglomerated oil particles.
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Figure 18. Size distribution of crude oil-synthetic PW by DLS

Microscopic image by profilometry of oil droplets of the PW is shown in Figure
19. It shows droplets ranging from 0.5 to 10 um. Obtained results are in line with DLS

results where oil droplets of various sizes have been observed.

Figure 19.Microscopic image of oil droplets in emulsion. (A bar is 50 pum)

The stability of the DOE was confirmed by the zeta protentional measurement. ZP

is frequently used to indicate any colloidal system's stability dependently on the
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obtained ZP value. Indeed, for the DOE emulsions prepared and utilized in this work
of 100, 500 and 1000 ppm concentrations, high ZP values of are -34 and -39 mV were
obtained respectively. The high ZP indicated that the as-prepared emulsions are highly
stabilized by great repulsive forces between the oil droplets. The source of repulsive
forces is the OH" anions, which are formed by water dissociation and adsorbed onto
droplets surface.

Subsequently mean that oil droplets will remain dispersed in the water for
longer times until the oil droplets eventually aggregate, and the emulsion will reform
the two phases. Indeed, the obtained ZP values were similar (-34 and -39 mV) for the
three different concentrations, which indicate that the emulsions are highly stable.

Table 3. Zeta potential data for the oily emulsions

Emulsion ZP (mV)

1000 ppm -39.0+10
500 ppm -39.0+0.1
100 ppm -34.0+0.2

For the PW emulsions, obtained ZP value was -54 mV which indicated extreme
stability. The reason behind this very high value is the high ratio of SDS surfactant to
oil (5:1). The synthetic PW prepared in this work was done following the exact
procedure of Dardor et al. However, they did not mention the ZP value of the prepared
PW. Still, they investigated the stability of their PW water and found that the crude oil-
synthetic PW was stable over 80 days with only 9% decrease in its TOC value.

4.3 Demulsification of oily emulsions

Despite superhydrophobicity of treated ME foams, as discussed about regarding
water contact angle measurement, water, as well as diluted emulsion, diffuse into the
foams over time. It is due to foam’s great porosity and large pore size. However,
opposite to the untreated foams, where water penetrates into the foams immediately,
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and foams are fully saturated during a few seconds, the diffusion of water into foams is
much slower. The liquid sorption capacity of treated modified ME foam (0.01M) was
tested for pure water and diesel emulsion (100 ppm) during the same time intervals.
Results shown in figure 19 indicated that the foams were already saturated after 60
minutes of immersion in both pure water and emulsion. Obviously, this time depends
on the size of testing samples — this value is determined for samples with a size of 1.5
x 1.5 x 1.5 cm. From figure 20 is evident that the sorption capacities of foams for both
types of testing liquids are very similar. This is a favorable phenomenon for

emulsions’, otherwise oily droplets would not be adsorbed onto the internal surface of

the foams.
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Figure 20. The sorption capacity of treated foam for pure water and emulsion

Separation efficiency of treated ME foam was tested at various conditions and
different oil content in emulsions. Here, we must clarify the terminology used in the
following text. If the emulsion is referred to as - e.g., 100 ppm emulsion, it means

analytical concentration of oil in mg of oil per 1L of distilled water used for the
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emulsion preparation. Obviously, any oil is a mixture of various hydrocarbons,
aromatics, etc., so real carbon content is lower than oil content. In our case, the portion
of the carbon in used diesel oil was around 80 wt.% of the total composition, and thus
the portion of the carbon in the emulsion is proportionally lower. However, a multiply
repetition of emulsions’ preparation showed that despite constant conditions used for

preparation, the experimentally determined TOC varied case by case.

For this reason, any set of experimental results is always completed by the real
TOC value of stock emulsion, determined just before realizing any sorption
experiments. The same is true for emulsions with different oil content. Saying X ppm
emulsion means that the analytical concentration of oil used for an emulsion preparation

was X ppm.
Testing of volume portion of foams

Itis generally known that the number of sorbents related to the volume of treated
emulsion significantly influences the separation efficiency of used sorbents.
Predominantly it is expressed as a mass of sorbent per volume of the treated emulsion.
In the case of experiments performed in this study, the mass of foams is not a relevant
parameter. More suitable seems to be the relation between the volume of used foams
per treated volume of emulsions. In the following text, the volume of foams is given by
the number of used foams’, as the volume and size of each individual foam were always
constant (1.5 x 1.5 x1.5 cm).

Multiple demulsification experiments of 100 ppm diesel oil emulsions at a
constant time of 4 h were performed using 1, 3, 5, and 7 modified foams. As expected,
it was found that the number of foams enhanced sorption efficiency. According to
preformed sorption experiment data, the separation efficiency of 1, 3, 5 and 7 foams

were 47 %, 66 %, 80% and 84%, respectively. Hence, increasing the number of foams
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elevates the resulting efficiency, which is reasonable as it means a higher contact area.
The separation efficiency percentage was the highest, with a slight difference in five
foams when using seven. Nonetheless, since seven foams performed the highest

efficiency, it was then selected for the most sorption experiments.

Comparison of sorption ability of untreated and treated foams

This comparison was realized via performing a sorption experiment of 100 ppm
emulsion using five neat ME foams and five treated foams. The whole experiment took
4 h. The separation efficiency of the modified ME foams was confirmed to be superior
compared to the pristine foam performance. The separation efficiency of the treated
foams was 84%, significantly more than the separation efficiency of pristine ME foam
(9%), as indicated by the TOC values summarized in table 4. It was also noticed that
the concentration of liquid squeezed out of foams is similar to the concentration in the

filtrated liquid.

Table 4. The TOC values of the stock emulsion (100 ppm), the foam’s filtrate, and the

liquid squeezed out of the foams post the experiment

Liquid Averaged TOC value (ppm)
Stock emulsion (100 ppm) 67.3+0.1
Treated foam filtrate 11.1+0.1
Neat foam filtrate 61.0+0.2

The liquid squeezed out from the modified foam 13.9+0.1
The liquid squeezed out from the Pristine foam 81.7 + 0.6

The influence of the duration of sorption experiment (contact time)

The influence of contact time was investigated using 5 treated foams upon
varying the shaking time at a constant rate (110 rpm) and tested for 100 ppm emulsion.
It was found that the separation efficiency increased upon increasing the sorption time.

In detail, at 15, 30, 45, 90, 120 and 180 min the separation efficiency of the five foams
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were 34%, 36% ,40% ,44% ,65% and 80% respectively as shown in figure 21 and

summarized in table 5.
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Figure 21. Separation efficiency of treated foams for 100 ppm upon changing time

Table 5.The TOC values of the stock emulsion (100 ppm) and the foam’s filtrate

Liquid TOC value (ppm)

Stock emulsion  67.7+0.2
15 min-filtrate 447 +0.2
30 min-filtrate 43.3+0.1
45 min-filtrate 40.4+0.1
90 min-filtrate 447 £0.2
120 min-filtrate  23.5+0.1
180 min-filtrate  13.0+0.1

The influence of the diesel oil concentration of separation efficiency of treated foams

Various initial concentrations of diesel oil (0, 50, 70, 100, 300, and 1000 ppm)
were selected. To maximize the foams’ efficiency, the contact time of the experiment

was prolonged up to 24 hours, 7 treated foams were used.
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The separation efficiency of the modified ME foams was 86%, 86%, 84%,

92%, 95%, and 94% for the 30-1000 ppm emulsions respectively (figure 22, and table

6). Therefore, it can be confirmed that the performance of the foam is higher for more

concentrated emulsions. It can be supposed that at higher concentrations of emulsions,

the probability of the coalescence between oil droplets is higher resulting in  droplets

which are easy to be adsorbed onto the surface.
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Figure 22. Separation efficiency of treated foams for different concentration of diesel

emulsions

Table 6.The TOC values of the stock emulsions (30-100 ppm) and the foam’s filtrate

Emulsion  Stock TOC value (ppm)  Filtrate TOC value (ppm)
30 ppm 294+0.1 41+03

50 ppm 526+0.4 7.5%0.6

70 ppm 78.2+0.5 122+0.7

100 ppm 111.9+1.0 6.1+0.1

300 ppm  1859+0.4 154 +0.6

500 ppm  285.6+0.1 35.6+0.2

1000 ppm 552.7 £ 0.1 35.2+0.3
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Re-use of treated foams

The recyclability, or better said — re-use of the foams is essential for a practical
application. For this reason, it was tested by performing four constrictive cycles of
sorption- desorption using 100 ppm emulsion and seven treated foams. The duration of
each cycle was 4 h. It was found that the efficiency of the foams dropped in the second
cycle by ~20% from 84% efficiency in the first cycle of the foams into 63% in the
second cycle (figure 22, table 7). Indeed, the same percentage is valid for the difference
between the second and third cycles, but after that, the performance of the sponges
remained constant throughout cycles 4 and 5 (38%). The reason behind the drop in
efficiency is the fact that the foam skeleton retained some residual oil droplets formed
during sorption experiments and was difficult to be extracted by simple squeezing of

sponge.
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Table 7.The TOC values of the 100 ppm stock emulsions and the foam’s filtrate upon

cyles
Liquid Stock TOC value (ppm)  Filtrate TOC value (ppm)
Cycle 1 67.2+0.1 11.1+0.1
Cycle 2 73.1+0.1 27.0+0.1
Cycle 3 70.2+0.3 43.6+0.1
Cycle 4 70.2+0.1 42,6 £0.2

4.3 Demulsification of synthetic produced water by modified ME foam

Emulsions are one of the most challenging systems in the field of oil/water
separation. However, the challenge becomes more elevated for the case of produced
water emulsions. Produced water contains hydrocarbons that results during oil and gas
extraction from conventional and unconventional resources [49]. Indeed, the
challenging part about the PW is that it contains different oils of different densities,
mainly crude oil known for its higher density and the presence of high percentage of

emulsifiers triggering the extreme stability of the PW. Nevertheless, real PW samples
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obtained from petroleum industry are not accessible which forced many researchers to
attempt mimicking the original PW by synthesizing one in the lab. Many recipes for
the synthesis of produced water are published in the literature, but few of those recipes
actually mimics the real PW of industry. The recipes varied in the amount and type of

oil and surfactant used and the properties of the aqueous phase.

In this work, the protocol of Dardor et al. [49] developed by ConocoPhillips in
the Qatar team for the synthesis of PW was followed. This protocol was of particular
selection among many as it includes vital parameters that exist in the real PW. However,
in this work, the synthetic PW was prepared using crude oil instead of commercial oils
such as motor oil. These oils may contain chemical additives that can affect the PW's
TOC value and exhibit certain analytical properties that do not represent the organics

that existed in real PW.

Indeed, the aqueous phase contains salts presented in real PW and not just
deionized water or even tap water as these salts affect different properties of the PW,
including the partition of the organics into the aqueous phase within the PW. A typical
PW sample contains large amounts of surfactants that guarantee its stability for a longer
time. In this procedure, the ratio of surfactant to oil is 5:1, which is similar to the ratio
of surfactant to oil in real PW. Also, two types of emulsification methods were applied:
stirring and sonication to further enhance the PW stability and homogeneity [49].

The effect of volume variation on the performance of foam separation of PW
emulsions was investigated by utilizing 1-7 foams, and it was clearly seen that as the
number of foams increased, the better the efficiency became. However, a significant
difference was noticed between using one foam, two foams, or three foams. The

efficiency of one, two, and three foams for emulsification of PW was 62%, 82% and
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89% respectively, which means that the number of one or two foams is not sufficient
enough for higher separation. However, beyond three foams, the efficiency of the
higher number of foams became roughly the same as three-seven foams exhibited

separation performance of 89, 90, 90, 90, and 91%, respectively, as indicated by figure

24 and table 8.
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Figure 24. The efficiency of treated foams upon variation of volume

Table 8.The TOC values of the PW emulsion and the foam’s filtrate

Liquid TOC value (ppm)
Stock emulsion 2279+0.1
One foam filtrate 85.8+0.2

Two foams filtrate 40.8+0.2
Three foams filtrate 246 +0.1
Four foams filtrate 21.3+0.2
Five foams filtrate 22.8+0.1
Six foams filtrate 21.46+0.13
Seven foams filtrate 20.01+0.33

The effect of mechanical shaking duration of the foams and PW was also
investigated. The number of utilized foams was only one foam (1 x 1 x1 cm) with less

amount of PW (15 ml). The reason behind minimizing the dimension and the volume
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of PW is because these parameters were the best fit to allow the foam to be fully
immersed by PW in 15 ml common veils. Nonetheless, the results confirmed that longer
durations are the best for the foam’s system. This is because starting from 20 min and
up to 180 min with in between 40, 90 and 100 min intervals, the foams showed low

efficiency starting from 15% only and up to 21% at its highest (figure 25, table 9).
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Figure 25.The efficiency of treated foam for demulsification upon time

variation

Table 9.The TOC values of the PW emulsion and the foam’s filtrate

Liquid TOC value (ppm)
Stock emulsion 201.9+0.8
20 min filtrate 1709 +0.1
40 min filtrate 167.7+0.5
80 min filtrate 167.5+0.4
100 min filtrate 164.4 +£0.2
120 min filtrate 163.2+ 0.5
180 min filtrate 158.4 +0.1

At the same conditions and by maximizing the dimension of the foams to 1.5 x

1.5 x 1.5 cm and utilizing 50 ml of PW, demulsification experiment was held for 1, 2,
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3,4,5, 6,12 and 24h as shown in figure 26. The separation efficiency was 42%, 64%,
64%, 65%, 70%, 72%, 73% and 90% for 1- 24h respectively, as summarized in table

10.
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Figure 26. Efficiency of treated foams for demulsification upon time variation

Table 10.The TOC values of the PW emulsion and the foam’s filtrate

Liquid TOC value (ppm)
Stock emulsion 218.8+0.2

1h filtrate 126.3+0.1

2h filtrate 78.9+0.2

3h filtrate 776+0.1

4h filtrate 75.6 £ 0.3

5h filtrate 65.2+0.2

6h filtrate 61.5+0.1

12h filtrate 58.6 +0.2

24h filtrate 21.3+0.2

The efficiency of foam separation upon varying the PW concentration was
investigated at three different concentrations (300, 150, and 100 ppm). The foams were
able to demulsify the emulsion with 91%, 84% and 81% efficiency for the 300, 150 and

100 ppm PW emulsions as illustrated in figure 27 and indicated TOC values in table
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11. The separation efficiency of the foams is superior, and it is higher for increased

concentrations for the previously discussed reason that at higher concentrations, the

existence of oil droplets is more and, thus, great probability of oil penetration into the

foams.
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Figure 27. Separation performance of modified ME foam for three different

concentrations (300,150 and 100 ppm)

Table 11.The TOC values of the PW emulsions (100,150 and 300 ppm) and the foam’s

filtrate
Liquid Stock TOC value (ppm)  Filtrate TOC value (ppm)
100 ppm  93.1+0.5 179+0.1
150 ppm  158.0+0.4 241 +0.1
300 ppm  2729+0.2 20.1+0.3

The reusability of foams for the separation of PW was investigated by

performing multiple sorption experiments. The separation efficiency of modified foams

throughout six constructive cycles was 91%, 83%, 75%, 74%, 73%, and 72%

respectively as shown in figure 28, and table 12. The foam’s performance decreased by
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only 8% from the first to the second and from the second to the third cycles; then, it
devalued gradually to its lowest performance at the sixth cycle (72%). Indeed, by the
end of the six cycles, the foam’s performance was still quite high (72%), indicating that

the as-modified foams are highly reusable.
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Figure 28. Reusability of treated foams throughout six cycles of PW demulsification

Table 12.The TOC values of the PW stock emulsion and the foam’s filtrate upon Six

cycles
Liquid Stock TOC value (ppm)  Filtrate TOC value (ppm)
Cycle 1 250.0+0.3 21.9+0.3
Cycle 2 249.7+0.3 40.2+0.1
Cycle 3 249.7+0.3 61.7+0.2
Cycle 4 249.0+0.2 64.5+0.1
Cycle 5 249.0+0.3 65.9+0.2
Cycle 6 249.0+0.2 69.6 £ 0.2

4.4 Separation of oil/water mixtures by modified foams

The modified foams were used to separate oil/water mixtures at three different

oils to water portions which were 20/80, 40/60, and 60/40 vol./vol. ratios. The results
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were overwhelming, the modified foams treated the mixture with high efficiency of

99% for all the mixtures. In figure 29, it is seen that the filtrate of foams is almost

transparent, and the liquid squeezed out of the foams is mostly pure oil while the neat

foam filtrate is cloudy and contains oil at high concentration, and it is very similar to

the squeezed-out liquid of the foam in color what indicates that the foam did not

separate oil from water properly. Table 13 summarizes the TOC values and the exact

separation efficiency.
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Figure 29.Photograph for the filtrated liquid and the squeezed liquid of neat and

treated sponges for the 20/80: oil/water mixture

Table 13. The oil/water mixtures (vol./vol.) filtrates’ TOC value by pristine and

modified foams

Liquid Filtrates’ TOC value (ppm)  Efficiency (%)
20:80-pristine foams 8188+ 0.4 95.18
20:80-modified foams  231.3+0.1 99.86
40:60-modified foams  335.8 +0.2 99.90
60:40-modified foams  516.9 + 0.3 99.98

Indeed, the kinetics of modified sponges’ ability to separate 20:80 vol/vol.%

mixtures separation was investigated for the short periods of 1, 3, 5, 10, 20 and 30 min

and for longer periods at 5 and 6 h as shown in table 14. The foams were able to separate

49



o/w mixtures with high efficiency (~99%) even at very short periods such as 30 min.
However, the optimum performance is achieved at quit longer durations (6 h) as the
measured TOC value for that period was only 235 ppm.

Table 14.The TOC values of the o/w mixtures (20:80) filterates upon time

Time Filtrates’ TOC value (ppm)  Efficiency (%)
1 min 1388.1+ 1.8 99.18
3 min 12441+ 2.2 99.27
5 min 4143+ 2.4 99.76
10 min 335.9+£25 99.80
20 min 286.6 + 2.4 99.83
30 min 2723+ 2.0 99.84
5h 266.1 £ 0.3 99.84
6h 234.7+0.4 99.86

50



4.5 Sorption of neat oils by modified foams

Throughout the world, around 50 million tons of petroleum and crude oil
products are lost during the recovery process. Indeed, 4-6 million tons of that amount
ended up floating on the water surface, causing irreparable spills. For this need, organic
sorbent materials, including polymeric foams and fibers, are developed for oil sorption
from the water surface. However, sorption by polymeric foams is distinguished by the
high floatability of foams, low density, and high sorption capacity with respect to
petroleum products. Nonetheless, the modified sponges are tested for sorption of three
different oils (diesel, crude, and motor oil) with variant oil densities for 15,30,45,60,90,
120,180,240 (4 min),300 (5min), and 600s (10 min), as shown in figure 30 (A-F). In
addition to sorption capacity measurement, the recyclability of foam’s sorption capacity
was tested by performing 10 cycles of sorption (10 min)/desorption.

Finally, the hydrophobicity of treated foam was confirmed by floating the foam
on the water for certain times, followed by measuring the weight intake. The same was
performed using neat foam as a reference. The neat foam sink into the water once
placed on it while treated foam floated on the surface for 24h.

It is apparent that the difference in sorption capacity of the modified foam and
neat foam is negligible, which indicated that immersing by FeCls solution did not
influence the foam morphology significantly. Indeed, the treated foam absorbed diesel,
crude, and motor oil with corresponding sorption capacities of 98,103 and 112 g/g,
respectively, reflecting that treated foam's sorption capacity is superior. Moreover, the
reason behind the excellent sorption capacity associated with ME foams is their low
volume, which is associated with larger pore diameter and open cell structure. However,
the differences between sponge sorption capacity for the three different oils vary

slightly depending on the sorbate density. When the sorbate density is higher, the
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flowability of sorbate in the material is higher, and that’s the reason behind the low
sorption of diesel compared to motor and crude. Indeed, the sorption capacity of foams
increased gradually upon increasing the immersing time in oil until it reached saturation
at a maximum time of 240 s (4 min). However, in the motor oil sorption plateau, the
modified foam reaches saturation quickly due to its enhanced oleophilic. At the same
time, it takes longer for neat foam because it did not sink into the oil directly, and it
floated initially on the oil surface due to the difference between oil and foam density.
However, with time and gravity, it started to drill down the oil.

Moreover, when the foam is in contact with oil and due to its oleophilic
wettability, oil starts to be adsorbed onto the foam internal surface increasingly upon
time elevation, and the change in sorption capacity is the fastest at the beginning. Then,
the increment becomes less as the fibers become saturated by oil, and any further
accumulation of oil will escape the foam pores as excess oil during weighting the foam.
However, when testing the recyclability of the modified foams by performing multiple
sorption/desorption cycles, the foams retained their high sorption capacity beyond 10
cycles with minor loss of capacity by 3.5% and 6.4% for diesel and crude oil. The
desorption step was done via simple squeezing with the support of a syringe, as shown
in figure 2. Indeed, the devaluation of capacity upon recycling is the highest in the case
of motor oil by 17% decrement; it is believed that the reason is related to the thick
consistency of motor oil, which can chock some pores and cells of the foam.

In addition, when the two modified and pristine foams were placed on the water
surface, the pristine one sank into the water immediately and reached sorption capacity
118 g/g after 10 min. In contrast, the superhydrophobic modified foam had sorption
ability only 1.17 g/g as it remained floating on the surface and did not move down.

Furthermore, when the foam was left for more extended times of 3h, 24h, and 72h, it
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remained hydrophobically floating on the water surface, confirming that ferric chloride
treatment is sufficient to produce superhydrophobic foam.

This observation is in contradiction to previous experiments in which foams
immersed in water and shaken were fully saturated by water after 60 minutes. It is
evident that immersion combined by mechanical forces can overcome surface tension
of treated foam what lead to the diffusion of water into foam, unlike a case, if foam

freely float on the water surface.
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Figure 30.Sorption capacity of FeCls/ME foam for (A) diesel, (B) motor, and (C) crude oil, a summary of the
three oil’s sorption (D), the recyclability of sorption capacity of the foam through 10 cycles (E) and the sorption

capacity of prestine and modified foam floating on water surface
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CHAPTER 5: CONCLUSION & FUTURE WORK

In conclusion, oily wastewater treatment is a challenging area of research,
particularly the separation of oily emulsions whose particle size is below 20 pm, and
the need for an efficient filtration tool of low price is urgent. For that aim, commercial
ME foams are a feasible candidate for the separation applications due to their
availability, low cost, high porosity, and excellent sorption capacity for both water and
oil phases. However, in this work, ME foam modification was carried out using a facile,
low-cost, and environmentally friendly method via induced metal complex transition.

According to this method, the foams were treated by simple immersion in FeCls
solution. However, the effect of immersion in FeCls on the properties and morphology
of the foams was investigated by different characterization techniques including SEM,
EDS, FTIR and contact angle measurements.

The modified foams were utilized for o/w separation in three different o/w
dispersant including, oily emulsions, PW and o/w mixtures. Successfully, the foams
demulsify oily emulsions (1000 ppm) with separation performance of 94%. Similarly,
the foams were able to clear very stable synthetic crude oil - PW samples (300 ppm)
with high efficiency of 91%. Moreover, the foams proved great reusability as they
retained around 72% efficiency throughout six cycles of PW demulsification.

In addition, the foams were used for treating highly concentrated o/w mixtures
(20:80, 40:60 and 60:20 vol./vol.) and the performance was superior. The foams
efficiently separated the oil from the mixture with very high performance approaching
100% within few minutes.

In addition, the sorption capacity of modified foams for neat oils was excellent.
Within few seconds, the foams were fully saturated by the oils with sorption capacity

of 98, 103 and 112 g/g for diesel, crude, and motor oil, respectively. Moreover, the
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sorption capacity of the foams is high enough beyond 10 cycles of sorption / desorption
with few devaluations of 4%, 6% and 17% after cycle 10 for diesel, crude, and motor
oil respectively.

Apparently, FeCls/ME foams are very promising for treating three important
types of o/w mixtures (emulsions, PW, and mixtures). Still, this approach, as any other
approach, has its own limitations. The critical limitation associated with this method is
the fact that the foams require long periods (24h) to be fully saturated by the o/w
mixtures. Long durations are not practical because rapid demulsification is demanded
for the industrial large-scale applications.

However, for the advantages associated with utilizing polymeric foams and for
the sake of boosting their performance and resolving the related challenges. Other
modification approached are suggested and has been partially started - by our team- to
modify ME via copolymers grafting. This approach satisfies the main purpose of it,
which is switching the neutral wettability of the foams into oleophilic/ hydrophobic
wettability and, furthermore, it boosts this wettability character by significantly
roughening the surface. Moreover, an increase in biofouling resistance is also expected
using some copolymers (particularly zwitterionic ones), which is an important
parameter for cleaning of real waters. In detail, this method is based on surface grafting
by N-methacryloyl-4-azidoaniline (AzMA)- methyl methacrylate (MMA) copolymer
via free radical polymerization as shown in figure 31. The first monomer can be

polymerized in the lab through the other monomer that is commercially available.
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N, N;
Figure 31.Copolymerization of AzZMA and MMA
Indeed, the method is facile and eco-friendly. Synthesis experiments by this
patch started already, and superhydrophobic foam was successfully obtained (water
repellent angle of >140°) with a very rough surface. However, some challenges

occurred during grafting by the copolymer, including the low produced yield (only 4%).
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