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ABSTRACT

New cationic copolymeric surfactants were synthesized based on the fatty acid obtained from Juagafa
seed wastes, which gave an appropriate yield of lauric acid, which upon esterification and reduction pro-
cesses was converted to lauryl alcohol. Through the reaction of lauryl alcohol with methacrylic acid
(MAA) in the presence of N,N'-dicyclohexylcarbadiimide (DCC), lauryl methacrylate (LMA, as a starting
monomer) was obtained. A series of copolymerization feeds between lauryl methacrylate and
methacrylic acid in different molar ratios initiated by benzoyl peroxide (BP) were carried out. Also, the
obtained data from '"H NMR for the different molar ratios of the poly(LMA-co-MAA) were utilized to esti-
mate the monomer reactivity ratio. The synthesized poly(LMA-co-MAA) with different molar ratio was
modified by direct amidation with N,N’-dimethyl-1,3-propanediamine. The amidated copolymers (PA1-
5) were quaternized with methyl and ethyl iodides to obtain the corresponding cationic copolymeric sur-
factants (PSM and PSE). The chemical structures of the prepared compounds were confirmed by FT-IR
and 'H NMR analysis. The critical micelle concentrations of the prepared cationic copolymeric surfactants
were investigated. Also, the studies of petroleum-collecting and dispersing properties showed that
copolymeric surfactants (PSE) have promised effects than PSM ones, especially in sea water and diluted

form, and the best molar ratio that gave excellent dispersion of petroleum is PSM-3 and PSE-3.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Surfactants made from natural building blocks rather than pet-
roleum compounds have gotten a lot of press in recent years [1-3].
Furthermore, vegetable oils, which are triglycerides produced from
plants, have been widely employed to incorporate hydrophobic
fatty acyl groups into surfactants [4-6]. The surfactants prepared
from vegetable oils showed different properties [7]. Also, anionic
surfactants generated from animal fat and vegetable oil have been
used in water treatment to remove some contaminants, including
dyes in the presence of calcium ions, from which sodium soap cre-
ates another insoluble surfactant [8].

The polymeric surfactant is becoming increasingly important in
current industry and scientific research. However, at today’s uni-
versities, the introduction of polymeric surfactants is still insuffi-
cient [9]. The combination between the polymeric material and
the surface-active agents can happen through two concepts. The
first step is the preparation of the polymer, then the surfactant
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molecule binds strongly with the polymer molecule in the second
step, in which the polymer becomes very hydrophilic [10]. Poly-
meric surfactants are macromolecules that include both hydropho-
bic and hydrophilic groups. As a result they are frequently referred
to as amphiphilic polymers, which have characteristic with molec-
ular weights greater than thousands [11-14]. The presence of two
moieties (hydrophilic and hydrophobic) in one molecule can be
identified as a crucial property which is responsible for their
unique behaviors in solution [15]. This gives polymeric surfactant
several applications and is considered as very good choice for
enhanced oil recovery in addition to vital role in different applica-
tions such as pharmaceutical, the industry of detergents as well as
microemulsion designing. Also, polymeric surfactants are often
used to treat wastewater because they have a high surface activity
and can thicken and strengthen fluids [15-17].

In recent years, a lot of attentions have been directed to the
manufacture of polymeric materials from renewable resources.
Also, the use of vegetable oils in the manufacture of polymeric
materials and chemical industries represents one of the important
processes currently. This is due to the vegetable oils representing
the largest renewable platform due to their availability, low cost,
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Fig. 1. FT-IR spectra of poly (LMA-co-MAA) with different ratios.

biodegradable and finally considered environmentally friendly
(i.e., low ecotoxicity and low toxicity toward humans) [18]. Based
on the use of alginic acid with alkyl chains like octyl, dodecyl, and
hexadecyl, many activated cationic polymeric surfactants and
antimicrobial agents were synthesized with good properties such
as their foam power and emulsion stability, in addition to their
good activity against some bacteria and fungi. Also, its perfor-
mance as a mixed type inhibitor on mild steel corrosion [19].
Cationic surfactants, particularly quaternary ammonium com-
pounds, have the most potent antimicrobial activity. They have
been employed to stop the spread of several bacterial types [19-
21]. The detergency, emulsification, and foaming qualities of poly-
meric surfactants can vary greatly depending on their chemical
features. The molecule’s surface-active qualities have been influ-
enced on the water-loving groups’ characteristics and positions, a
number of hydrophobic groups and their arrangement [22-24].
The cationic groups along the polymer surfactant backbone lead
to a significant increase in viscosity and offer control over colloidal
stability [15].

Sharma et al studied the synthesis of a bio-based polymeric sur-
factant based on the collection of waste cooking oil (WCO) from a
local restaurant, which having environmentally beneficial through
the recycling of WCO to obtain the starting material used in the
manufacture of polymeric surfactant [25]. Also, Zhang et al,
reported a previous study for the usage of WCO for the synthesis
of bio-based zwitterionic surfactants [26]. Grape seed oil was
extracted by El-Dougdoug et al, through efficient procedures and
used to prepare amphoteric surfactants that exhibited antimicro-
bial and antifungal properties. Furthermore, as emulsifier proper-
ties [27]. Also, El-Dougdoug et al synthesized sulfonated acrylate
esters surfactants based on fatty alcohols as renewable raw mate-
rials isolated from Al-Ceder oil [28]. Due to the renewable and
environmentally friendly nature of bio-based surfactants, the
attention of both scientific and industrial communities has been
attracted [29-34]. Also, some of the seed oils extracted from the
plants, such as cotton oil, peanut oil, palm fruit oil, soybean oil,
sun flower oil, pomegranate peel oil, rice brane oil, are natural
sources whose extracted oil has shown promising results in several

fields as in stabilizing emulsion, health beneficial effects,
antiatherogenic, anticancer, antihypertensive, and used for modern
medicine instead of traditional purposes, and some of them are
used in food industry as anticorrosive and natural antioxidant in
bioactive film or coating for various food applications [35-44].

This research aims to exploit Juagafa seed wastes, which cause a
complicated problem inside factories and have little commercial
value by extracting vegetable oil. After several processes for veg-
etable oils, a lauryl alcohol was obtained and then used to produce
lauryl methacrylate as a monomer. The synthesis of copolymers of
lauryl methacrylate and methacrylic acid by free radical copoly-
merization with different molar ratios was studied, then the syn-
thesized copolymer was converted to a new type of cationic
polymeric surfactant via efficient procedure, which may be utilized
in the petroleum field. The structures of synthesized compounds
were confirmed by FT-IR and '"H NMR analyses.

2. Materials and experimental technique
2.1. Materials

Juagafa seeds waste was obtained from kaha company for food
products and juice, Egypt. Methacrylic acid (MAA) and N,N-
dimethyl-1,3 propane diamine, were obtained from sigma-
aldrich. N,N-dicyclohexyl-carbadiimide (DCC), benzoyl peroxide
(BP) was used after crystallization in methanol/chloroform. Methyl
iodide and Ethyl iodide obtained from Fisher, UK. 1,4-Dioxane,
Tetrahydrofuran (THF), lithium aluminum hydride (LAH), Diethyl
ether, Dichloromethane (DCM), n-hexane were obtained from
PLOBA. Potassium hydroxide, Methanol, Ethanol, Ethyl acetate,
Sodium carbonate, Sulfuric acid, Hydrochloric acid were purchased
from AL-Nasr chemical company.

2.2. Experimental technique
2.2.1. Extraction of fatty matter from Juagafa seeds

The extraction process of fatty acids from Juagafa seeds has
been described in detail in our previous reported work [45]. The



F. Adel, Abdel-Fattah F. Shaaban, W. El-Dougdoug et al.

Journal of Molecular Liquids 367 (2022) 120579

P-2

12 1 10 ° 8

7 6
f1 (ppm)

s 4

Fig. 2. "H NMR spectra of poly (LMA-co-MAA) with different ratios.

obtained fatty acids were refluxed in the presence of a methylating
agent (methanol with concentrated sulfuric acid) in dry toluene.
This reaction is placed in a round bottom flask and refluxed for 4
hrs until the mixture becomes a clear homogenous solution. The
latter was washed by sodium carbonate to neutralize the excess
of concentrated sulfuric acid, washed with distilled water, dried
over sodium sulfate anhydrous, filtrate and removed the solvent
to afford a mixed fatty ester of Juagafa oil as a pale yellow viscous
oily product.

2.2.2. Reduction of fatty acids methyl esters and synthesis of lauryl
methacrylate

According to the previous reported work, the reduction of lauric
acid ester by lithium aluminum hydride (LAH) was done to pro-
duce the target lauryl alcohol [45]. In an ice bath system, dropwise
of a solution of lauryl alcohol (10 mmol) dissolved in dry DCM was
added to a solution of DCC (11 mmol) and methacrylic acid
(10 mmol) in DCM (20 mL) with continuous stirring for 10 mins.
The reaction was stirred for 4 hrs at room temperature. After this
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Fig. 3. FT-IR spectra of amidated poly (LMA-co-MAA) (PA1-5) with different ratios.

time, the reaction was filtrated to remove dicyclohexyl urea, the
filtrate was concentrated under vacuum, and the LMA product
was purified using silica gel as an adsorbent (eluent: DCM) in col-
umn chromatography to yield lauryl methacrylate [46].

2.2.3. Copolymerization of lauryl methacrylate (LMA) and methacrylic
acid (MAA)

Based on a reported procedure [46G], a copolymerization
between lauryl methacrylate and methacrylic acid was carried
out in phenol tube using benzoyl peroxide as initiator and dry
1,4-dioxane as a solvent. This mixture was heated at (70-80 °C)
in water bath until the viscous liquid was obtained. The copolymer
precipitates by addition of distilled water, and then it was washed
several times with distilled water and diethyl ether. This copoly-
merization was carried out with different molar ratios to obtain
copolymers (P1-P5) The purified copolymers were dried, grinded
and characterized by FT-IR and 'H NMR.

All the FT-IR spectra of poly(LMA-co-MAA) with different molar
ratio (Fig. 1) showed that bands at 2926.97 and 2855.14 cm™! were
attributed for C-H of fatty aliphatic chain, 1702 cm™! correspond-
ing to carbonyl group of acid, 1736 cm™! for carbonyl group of
ester, 1171 cm™! for C-O and broad band from 2800 to
3500 cm~! for OH group of acid. On the other hand, all the 'H
NMR spectra of the copolymers (Fig. 2); TH NMR (400 MHz,

DMSO dg) showed signals at § (ppm):0.89 ppm (t, 3H, terminal —
CH; for fatty chain), 1.24 ppm (m, 20H, (CH>)19 for fatty chain),
1.54 ppm (s, 6H, acrylate group), 2.21 ppm (s, 4H, (CH), polymer-
ized), 3.86 ppm (t, 2H, CH,-O for methylene group in ester),
12.35 ppm (s, H, -COOH of acid).

2.2.4. Amidation of poly (LMA-co-MAA) (PA1-5)

According to the procedure [47], the poly(LMA-co-MAA) was
amidated with N,N’-dimethyl-1,3-propane diamine. This reaction
is placed in round bottom flask and refluxed for 48 hr at 60 °C with
continuous stirring. The modified copolymer was precipitated in
diethyl ether. After this, the amidated copolymers of poly(LMA-
co-MAA) were washed with diethyl ether several times and dried

at room temperature. All the above processes were carried out
with the copolymer having different molar ratios. The obtained
modified copolymers (PA1-5) were confirmed by FT-IR and 'H
NMR.

The obtained FT-IR spectra of the modified copolymers of poly
(LMA-co-MAA) (PA1-5) (Fig. 3) showed that bands at 2929.10
and 2851.57 cm™! attributed for C-H of fatty aliphatic chain,
1721 cm™! corresponding to carbonyl group of ester, 1244 cm-1
for C-0, 1626.90 cm™! for carbonyl group of amide. The broad band
in the region of 2800-3500 cm ™! for vO-H of acid is disappeared,
this is due to the appearing of 3327.94 cm™! for single vN-H of pri-
mary amide. On the other hand, all 'H NMR spectra of the modified
copolymers (PA1-5) (Fig. 4) showed signals at & (ppm): 'H NMR
(400 MHz, DMSO dg); 1.03 ppm (t, 3H, terminal -CHs for fatty
chain), 1.7 ppm (m, 2H, middle CH, in amine, 1.26 ppm (m, 20H,
(CH3)q0 for fatty chain), 1.26 ppm (s, 6H, 2CHj3 of acrylate group),
1.78 ppm (s, 4H, 2CH; -C polymerized), 2.14 ppm (s, 6H, 2CHs ter-
minal in 2CHs-N (R), 2.25 ppm (t, 2H, CH»-N(CHs),), 3.2 ppm (t, 2H,
CH,-NH), 3.94 ppm (t, 2H, O-CH,). Also, the disappearance of peak
at 12.35 ppm (s, H, -COOH of acid), is due to the appearing of
8.25 ppm (s, H, N-H of amide).

2.2.5. Quaternization of the modified copolymers of poly(LMA-co-
MAA)

In a closed system, the modified copolymer is converted to a
cationic copolymeric surfactant by reacting the modified copoly-
mer in the absence of solvent with an excess amount of alkyl halide
(methyl and ethyl iodide). The mixtures were heated at (70-80 °C)
for 96 hr with stirring. The as-prepared products (PSM-PSE) were
purified via washing with diethyl ether three times to separate all
unreacted substances. The structures of as-prepared copolymeric
surfactants (PSM, PSE) were confirmed by FT-IR spectrum that
revealed strong absorption bands of the 1,3- dialkylammonium
cation [48] at 1461, 1252 and 1160 cm™!. The strong a broad peak
at 3440 cm~! is returned to the absorbed water molecules in the
investigated compound, showing the strongly hygroscopic nature
of synthesized molecules as shown in Fig. 5A, B. Also, '"H NMR
spectra of the as-prepared copolymeric surfactants as PSM-5 and
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Fig. 4. "H NMR spectra of amidated poly (LMA-co-MAA) (PA1-5) with different ratios.

PSE-5 was carried out. Whereas, the 'H NMR (400 MHz, D,0) of
PSM-5 showed a new band at 3.22 ppm (S, 3H, N*-CH3) (Figure S5,
A). As well as, the 'H NMR (400 MHz, D,0) of PSE-5 showed new
bands at 1.21 ppm (m, 3H, N*~CH,CHz), 3.42 ppm (m, 2H, N"-CH,-
CH3), (Figure S5, B).

2.3. Surface-active properties

2.3.1. Surface tension and electrical conductivity measurements

The surface tension values of freshly prepared solutions of the
synthesized copolymeric surfactants were determined at 25 °C
via a Kruss-K6 tensiometer. Whereas, at the ancient temperature,

copolymeric surfactant solutions were kept for one day to achieve
a balance. Before each measurement, the use of distilled water sev-
eral times was done to clean the platinum ring and remove the
residual sediment on the surface. Three readings values were
recorded for each sample to verify repeatability and to generate
an average value.

Also, a conductivity meter “model type AD3000; EC/TDS and
temperature meter” at 25 °C was used to measure the values of
electrical conductivity of the generated copolymeric surfactant
solutions. Before the measurements, all prepared copolymeric sur-
factants solutions were carried out with ultrapure water keeping
for at least one day and each electrical conductivity value is an
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Fig. 5. FT-IR spectra of a) PSM-1: PSM-5 and b) PSE-1: PSE-5.

average value of three measurements to decrease data errors as
reported in our previous work [49].

2.3.2. Foaming power and emulsifying stability

Based on previous reported procedures [46], the foaming power
and the stability of the foam of the as-prepared copolymeric sur-
factant solution was determined. Also, the strength of as-
prepared copolymeric surfactants to form a stable emulsion (emul-
sion stability) was represented by the time required to separate
6 mL of the pure synthesized surfactant solution from the paraffin
oil phase.

2.3.3. Petroleum-collecting and petroleum-dispersing capacities
Copolymeric surfactants (in the pure state and in the 2.5 wt%
aq solution form) were studied for their collecting/ dispersing
actions toward petroleum thin slicks. The crude oil from the
South Sinai (Egypt) oil fields was utilized (“kinematic viscosity

and density” at 20 °C are 0.13 cm?/s and 0.84 g/cm’, respec-
tively). Calculation was done using the method described in the
literature [50,51]. The pure state of prepared copolymeric surfac-
tant (0.01 g) or its aqueous solution (2.5%) was taken to add to a
petroleum thin film (thickness ~ 0.15 mm) of the petroleum
crude oil on the tested waters’ surface (distilled, fresh (river),
and red sea) in Petri dishes. Through the relationship K = S,/S,
petro-collecting factor (K) was calculated, whereas S, is the sur-
face area of the petroleum thin film at the beginning of the test, S
denotes the surface area of the petroleum spot formed under the
action of the prepared surfactant. During the observations, the
surface area of the spot was measured periodically, K-values
were computed for these specific time intervals (t). Petro-
dispersing ability (Kp) was calculated by the degree of cleaning
of polluted water surface from petroleum which was calculated
as a percentage of clean water surface areas and the initial area
of the petroleum film.
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2.4. Characterization technique

The synthesized compounds were assured by run on FT-IR spec-
tra recorded in KBr on a thermo Nicolet IS10 FT-IR spectropho-
tometer. Also, Nuclear magnetic resonance spectroscopy ('H
NMR) was carried out by Bruker Avance 400 MHz signal and
4000 gauss magnetic field (Switzerland) in DMSO as solvent and
using tetra methyl silane (TMS) as an internal reference.

3. Result and discussion
3.1. Synthesis

As noted in scheme 1, new series of cationic copolymeric sur-
factants were synthesized based on the following steps. Initially,
the separation of lauric acid from guava seeds, followed by the
esterification and reduction processes to form lauryl alcohol. Sec-
ondly, lauryl alcohol was reacted with MAA in the presence of
DCC to obtain lauryl methacrylate as a starting monomer for the
polymerization process as shown in Fig. 6 and Fig. 7. At different
series of molar ratios, copolymerization between lauryl methacry-
late (LMA) and methacrylic acid was carried out to generate
copolymeric compounds (P1-P5) and their structures were eluci-
dated. In the next step, the synthesized poly(LMA-co-MAA) with
different molar ratios were amidated with N,N-dimethyl-1,3- pro-
pane diamine according to the method described in [47] to form
the corresponding amide compound (PA1-5). The quaternization

process of the obtained modified copolymers of poly (LMA-co-
MAA) (PA1-5) was done by reaction with alkyl halides (methyl
iodide, ethyl iodide) to give new cationic copolymeric surfactants
(PSM, PSE). The structures of synthesized compounds were eluci-
dated via various spectroscopic tools.

3.2. Molar reactivity ratio

The compositions of the prepared copolymers were estimated
by 'H NMR spectroscopic data as the method described previously
[52-54]. In this study, '"H NMR spectroscopy was employed to
quantitatively analyze for these copolymers. To calculate the rela-
tive moles of each monomer, the resonance area that represents
the monomer component must be calculated, followed by sub-
tracting any interferences and then dividing that area by the num-
ber of protons per monomer component. The results are shown in
Table 1.

Both methods of the Fineman-Ross (FR) [55] and the Kelen
Tiidos (KT) [56] were applied to study the reactivity ratios between
LMA with MAA in the copolymerization process. The equation of FR
is showed as followed:

F (£-1)/f = (B/f) 11- 1

where, F and f represent the molar ratios of the monomers in
the feed and in the copolymer, respectively. By plotting F(f-1)/f
vs. F2/f, straight line was obtained, which r; and r, were obtained
from the slope and the intercept, respectively.
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Table 1
Analytical data for copolymerization of LMA with MAA with different ratios by using
'H NMR.

Compound No. Feed composition, F Copolymer composition, f

P-1 1.21 0.64
P-2 1.50 0.76
P-3 2.07 0.94
P-4 2.51 1.11
P-5 2.95 1.18

F = M1/M2 in the feed composition.
f = m1/m2 in the copolymer composition.

KT equation includes an arbitrary constant with the goal of
equally separating the data while also allowing all points to have
the same statistical weight, and is written as:
0= (1 + 12/0)E — 12/

where

n=(F/0)/(F/f+a),=F/0of +F)

Fmax
1/2
(fmin *fmax) /

Using both FR and KT methods, the monomer reactivity ratios
were estimated using the monomer fractions in the feed as well
as the composition of the copolymers as already stated in (Table 1),
Fineman-Ross (Fig. 8A) showed that ry = 0.2268 + 0.02 and r;, = 1.

a:Fmin*

Journal of Molecular Liquids 367 (2022) 120579

which implies that the monomer units in a copolymer should be
distributed randomly. Also, the composition curve for the copoly-
merization of LMA with MAA was showed in Fig. 8C.

3.3. Critical micelle concentration

Surface tension is the most important feature among the
surface-active indices of copolymeric surfactant solutions. Figures
S1 and S2 depicted the relationship between surface tension (y)
and concentration of the as-prepared copolymeric surfactant at
25 °C. These figures show that the initial elevation of the concen-
tration results in a sudden drop in the surface tension value of
the surfactant solution. However, a slow decrease in the y values
occurred at the break point, referring to the accumulation process
of surfactant molecules to generate aggregates. The value of the as-
prepared copolymeric surfactant concentration at the breakpoint is
noted as the CMC of the synthesized copolymeric surfactants. The
recorded values of CMC of the as-prepared copolymeric surfactants
are noted in Fig. 9. As shown in Fig. 9, the most significant values
for copolymeric surfactants are 0.024, 0.052, and 0.059% for PSM-
1, PSM-4 and PSE-4, respectively.

Figure S3 and S4 display the relationship between the concen-
tration of the as-prepared copolymeric surfactant solutions and the
electrical conductivity (K). In each plot, the intersection at the
point CMC was acquired from two lines with various slopes. The
calculated CMC values from the figures were registered and drawn
as shown in Fig. 9. Finally, as noted in Fig. 9, it was seen that the
CMC values generated from “surface tension” measurements

1594 + 0.11, while Kelen-Tiid6s reported r; = 0.2346 + 0.05, 1, = 1. approach those acquired from “electrical conductivity”
1937 + 0.25 (Fig. 8B). The ryr, value for LMA-co-MAA equals 0.28, measurements.
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(a) Finemen-Ross plot, (b) Kelen-Tiidos plot for copolymerization and (¢) Composition curves for copolymerization of LMA with MAA.
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3.4. Emulsifying power

The tendency of the copolymeric surfactant solutions to pro-
duce oil/water or water/oil emulsions reflects the tendency of as-
prepared surfactant molecules to locate on the border surfaces
between the diverse phases. Thus, the active particles of the most
absorbing surface at the interface are the most powerful emulsion
factors. The efficiency of the emulsion in this study was measured
as the required time for removing 6 mL of fresh water from the
emulsion that consists of the surface solution (0.5 % wt) and paraf-
fin oil (4 mL). The stability of the emulsion is shown by how long it
takes to separate the desired amount of water from the emulsified
system, and vice versa.

According to Fig. 10, the greater the emulsion stability value,
the longer PSM-4 and PSM-5 need to remove a required volume

of H,0 than the other as-prepared compounds, the preferable sta-
bility of the O/W emulsions can be. Interestingly, it is noticed in
Fig. 10 that the emulsion stability values increase by increasing
the molar ratio of the targeted copolymeric surfactants up to
PSM-4 and PSE-3, where the values begin to decrease in the
remaining molar ratios. The technology of “emulsion formation”
is the most significant in various applications, particularly paints,
drug formulations, and cosmetics.

3.5. Foaming properties

Foaming properties are utilized to control the commercial
application capacity of the as-prepared copolymeric surfactants.
The as-prepared compounds showed relatively elevated foaming
heights. The copolymeric surfactant solutions exhibited high foam-
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ing volumes varying from 150 to 200 mL for PSM-1 to PSM-5 and
were the best foaming agents and foam stabilizers among all the
as-prepared copolymeric surfactants as shown in Fig. 11 and
Table S1. The as-prepared surfactant solutions exhibited moderate
foaming volumes varying from 75 to 150 mL for PSE-1 to PSE-5 as
shown in Fig. 11. For copolymeric surfactants, the adsorption pro-
cess of surfactant molecules on the interface is a diffusion-
controlled process with low times, small adsorption, and without
interaction among the adsorbent and adsorbent macromolecules.
Furthermore, the presence of charged substituents groups or
higher hydrophilic can increase this absorption via raising the area
per molecule and forming a lower cohesive force on the surface.
Consequently, PSM compounds exhibit better foam-producing
ability and foam stability, and PME behaves conversely.

3.6. Petro-collecting / petro-dispersing capacities of the as-prepared
copolymeric surfactants.

Water surface pollution by oil slicks was carried out through

accidents of oil pipelines, oil-carrying tankers, and oil leaks during
the drilling period [57]. Various mechanical methods are used to
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Fig. 11. The volume of foam and polymeric surfactant solutions (Molar ratios).
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remove thick oil slicks, but after the removing procedures, the thin
petroleum films are still on the water surface. These thin petro-
leum films are very dangerous from an environmental point of
view as they lead to the deterioration of the oxygen uptake by
the water and the penetration of sunlight into the depth of the
water, which leads to a negative effect on the life activity of marine
flora and fauna. The most convenient method of removing thin pet-
roleum films is the application of petro-collecting and dispersing
agents [58].

Under laboratory conditions, studies of the petro-collecting and
dispersing indices of the as-prepared copolymeric surfactants were
done using pure state solids and 2.5% wt. aqueous solutions of the
copolymeric surfactants on the example of thin (thickness
0.17 mm) film of red sea crude oil on the surface of three different
waters including the distilled, fresh, and sea. The recorded results
of the petro-dispersing and petro-collecting properties of the as-
prepared copolymeric surfactants are listed in Table 2. Notably,
all synthetic copolymeric surfactants were unstable in solid form
to improve petro-dispersing and collecting capacities.

The results showed that in waters of a different mineralization
degree, most of the synthesized copolymeric surfactants under
investigation exhibit lower petroleum effects in a solid-state form
compared to in the diluted form. In contrastly, it is noticeable that
on the surface of the sea water, PSE-2 and PSE-1 gave good petro-
leum effects in undiluted form, whereas kp = 72.12%, T = 30-96 h;
kp = 73.44%, T = 30-96 h, respectively. By the action of the 2.5%
aqueous solution of PSE-1 and PSE-3, the collection of petroleum
occurred in distilled water, whereas Kpya.x = 12.01, T = 30-96 h;
Kmax = 9.32, T = 5-96 h, respectively. In the fresh water, PSE-3
and PSE-4 showed excellent petroleum-dispersing action in
diluted form, whereas kp = 96.65%, T = 60-96 h; kp = 83.21%, T =
60-96 h, respectively. Also, in the case of 2.5% aqueous solution
of PSE-2 and PSE-5, a good dispersing of petroleum is observed
in fresh water whereas kp = 80.21%, Tt = 60-96 h; kp = 79.89%,
T = 60-96 h, respectively but PSE-1 compound exhibit a moderate
petroleum-dispersing effect (kp = 73.66%, T = 60-96 h). On the
whole, in sea water, the aqueous solution of synthesized copoly-
meric surfactants PSE-3, PSE-2, PSM-3 and PSE-1 are strong
petro-dispersing agents, whereas kp = 96.11%, t = 30-96 h;
kp = 91.22%, © = 30-96 h, kp = 85.75%, T = 30-96 h, kp = 85.22%,
T =30-96 h, respectively. But PSM-2 aqueous solution gave a good
dispersing of petroleum film in sea water (kp = 70.56%, T = 30-96 h)
and a moderate dispersing of petroleum of PSM-1 and PSM-4 are
observed, whereas kp = 51.34%, T = 70-96 h; kp = 50.11%, T = 5-9
6 h, respectively.

Regarding the petroleum-structure capacity relationship, syn-
thesized copolymeric surfactants with the ethyl substituted group
exhibited the highest petroleum-dispersing capacities compared to
the methyl-substituted group, especially in seawater and in the
case of 2.5% aqueous solution. Interestingly, as observed in
Fig. 12, the dispersing of petroleum slicks is increased in seawater
as the molar ratio increases, and this is observed especially in sea-
water and in diluted form. Then the dispersing effect reaches a
maximum value in the case of PSM-3 and PSE-3 and the effect
starts to decrease in the case of PSM-4 and PSM-5, PSE-4 and
PSE-5. This may be due to increasing the molar ratio, leads to
increasing the polar hydrophilic groups compared to the
hydrophobic part. The solubility increases until it reaches a certain
degree at which the effect begins to decrease. Finally, the results
can be summarized in two points: ethyl substituted compounds
have better effects than methyl substituted ones, especially in
sea water and diluted form, and the best molar ratio that gave
excellent dispersion of petroleum is PSM-3 and PSE-3.
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Petro-collecting/dispersing properties of the synthesized polymeric surfactants (PSM and PSE).

Compd. No. Undiluted product 2.5% wt. water solution
Distilled water Fresh water Sea water Distilled water Fresh water Sea water
t(h) K (kp) t(h) K (kp) t(h) K(kp) t(h) K (kp) t(h)  K(kp) t(h) K (kp)
PSM-1 0-2 NE? 0-2 NE? 0-2 NE? 0-2 529+09  0-2 32907 0-2 NE?
30 39108 20 2.84+09 5-20 391%1.1 30 627+12 30 430+18 20 3023 + 2.3%
60-96 4.17+1.0 25-96 5.70+0.5 30-60 330:03 48-96 7.73+1.6  40-60 6.17 1.1 40-60  44.36 £2.3%
- - - - 70-96  4.1£0.7 - - 70-96 836x19 70-96  51.34 £ 1.7%
PSE-1 0-2 27608 0-2 3013 +2.3%  0-2 6527 +1.3%  0-2 62107  0-2 6527 +2.3%  0-2 63.17 + 1.3%
2-55 44401 30-60 4021%15% 5-20 68.02+23% 5-20 832+06  30-60 68.02+1.6% 5-20  7232%2.3%
60-96 62303 60-96 4543 +25% 30-96 73.66+27% 30-96 12.01+0.2 60-96 73.66+1.9% 30-96 85.22 t 2.5%
PSM-2 0-2 1.67+0.1  0-2 2.40+03 0-2 3211+25% 0-2 677+08  0-2 6.40 0.3 0-2 4023 +1.3%
2-55  311:02 30-60 NC° 5-20 3931+18% 2-55 NC° 30-60 NC° 5-20 4522 +2.1%
60-96 51907 60-96 NC° 30-96 4142+13% 60-96 NC° 60-96  NC° 30-96  70.56 £ 2.4%
PSE-2 0-2 23208 0-2 3377 £21%  0-2 6237 £2.3%  0-2 67610  0-2 6237 +1.6% 0-2 73.17 + 1.4%
2-55  521+01 30-60 5623+27% 5-20 7212+26% 5-20 823+01  30-60 7212+21% 5-20 8832 %2.3%
60-96 725+03 60-96 NC° 30-96  NC° 30-96 NCP 60-96 80.21+1.8% 30-96 91.22 +2.7%
PSM-3 0-2 1.67£01  0-2 2.40%03 0-2 3211£1.3%  0-2 677+08  0-2 6.40 £ 0.3 0-2 54.54 + 1.3%
2-55  311+02 30-96 NC° 5-20 3931+19% 2-96  NC° 30-96  NC° 5-20 7443 +2.6%
60-96 5.19 0.7 30-96  41.42 £2.5% 30-96  85.75%2.1%
PSE-3 0-2 455+05 0-2 3511+£1.7%  0-2 NE? 0-2 221207  0-2 7737 £+1.4%  0-2 4524 + 1.8%
2-55  587+06 30-60 47.6%23% 5-20 3312+23% 5-20 932+06  30-60 8935%24% 5-20  75.89*1.5%
60-96  NC° 60-96 6044 +2.7% 30-96 NC° 30-96  NCP 60-96 96.65+29% 30-96 96.11 + 1.3%
PSM-4 0-2 1.50+£0.1 0-2 2.40+03 0-2 32.11% 0-2 467+08  0-2 5.41+03 0-2 4244 £1.7%
2-96  620+02 30-96 NC” 5-96  NC° 2-96  NC° 30-96 NCP 5-96  50.11%2.1%
PSE-4 0-2 32205 0-2 3033 +1.4%  0-2 2555 +1.8% 0-2 22107  0-2 6530 +2.6% 0-2 3022 + 2.4%
2-55  46+06  30-60 4221:18% 5-96  3212+28% 5-20 755+06  30-60 7543 £2.5% 5-20  35.55% 1.6%
60-96  NC° 60-96  55.33 £2.5% 30-96 NCP 60-96 83.21:1.7% 30-96 68.54 * 2.6%
PSM-5 0-96  5.12+02 0-2 NE? 0-2 3012+ 1.3%  0-2 301+08  0-2 233+03 0-2 33.56 + 1.3%
30-96 1.67 £ 0.8 5-96  NC° 2-96  NC 30-60 4.11:03 5-20  39.82 +2.6%
60-96  NC 30-96  43.67 £ 1.1%
PSE-5 0-2 411+£05 0-2 3245+23% 0-2 NE? 0-2 21107  0-2 6045 £ 1.4%  0-2 30.55 + 1.7%
2-96  NC° 30-96 5044+27% 5-96  3155+13% 5-20 53406  30-60 71.66%23% 5-20  33.67%1.8%
30-96 NCP 60-96  79.89 £2.8% 30-96  43.93 £ 2.4%
NE? = No Effect, NC® = No Change.
ization were estimated by both FR and KT methods. The data
100+ —=—PSM obtained from FR and KT showed that the randomly distributed
X —o—PSE monomer units in a copolymer. The values of CMC of as-
-’ . . . .
2 90 Sea water prepared copolymeric surfactants were estimated using electrical
k= conductivity and surface tension methods, in which the obtained
9 . . .
g 80 values are very close to identical. Interestingly, the results of
5] petroleum-collecting and dispersing properties studies revealed
o that ethyl substituted compounds have better effects than methyl
Z 704 substituted ones, especially in sea water and diluted form, and the
;-’. best molar ratio that gave excellent dispersion of petroleum is
T 604 PSM-3 and PSE-3.
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Fig. 12. Petroleum-dispersing of synthesized polymeric surfactants (Ethyl and
Methyl substituents) in sea water and diluted form (%) towards molar ratio of
polymerization process.

4. Conclusion

The present study reported the synthesis of novel cationic
copolymeric surfactants (PSM and PSE) with good petroleum dis-
persing capacities in diluted and undiluted forms in waters of dif-
ferent mineralization degrees. The structures of synthesized
copolymeric compounds based on materials obtained from natural
wastes (Juagafa seed) were elucidated by FT-IR and '"H NMR spec-
tra. '"H NMR spectrum was employed to quantitatively analyze of
copolymers. Reactivity ratios of LMA with MAA in the copolymer-
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