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Abstract

Preparation of effective membrane with special surface treatment for oil/water

separation having promising future and low manufacturing cost. The suggested

membrane was fabricated by a simple treatment via increasing the hydrophilic-

ity of the cotton fabric surface. The cotton fabric was impregnated in

poly(acrylic acid-co-N-methylol acrylamide), poly(AA-co-NMA), where NMA

acts as bonding agent. Sodium hypophosphite (SHP) was added to the modifica-

tion solution to enhance the bonding between the cotton fabric and the PAA.

The modified fabric was thermally dried and cured at different temperatures. It

was found that, the presence of 3.5% NMA and addition of 5% SHP to the modi-

fication solution then curing at 190�C gave the highest amount of bonded PAA

to the cotton fabric. The success of the modification process was confirmed by

scanning electron microscope, Fourier transformer infrared and the increase in

the contact angle of the cotton fabric after modification. Furthermore, the pre-

pared membrane was evaluated for oil (n-hexane, toluene, and petroleum

ether)/water separation and also for heavy metal ions removal (Cd2+ and Co2+).

Neutralization of the produced membrane with ammonium hydroxide

resulting in a higher contact angle and consequently higher separation effi-

ciency for oil/water mixtures and higher performance for heavy metal ions

removal compared to the unneutralized one.
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1 | INTRODUCTION

Water contamination is one of the most serious environ-
mental challenges worldwide due to the increased
anthropogenic activity and inadequate long-term remedi-
ation techniques. Oily wastewater and heavy metal ions
pollution have become hot research topics because of the
rapid expansion in global industrial activities, since many

accidental oil spills and industrial wastewater have cau-
sed considerable harm to the individuals and to the envi-
ronment.1–4 Heavy metal ions and oily water kill animals
and harm people's health in a variety of ways. Further-
more, due to oily wastewater and polluting using heavy
metal ions, difficulties with safe freshwater have aggra-
vated and are expected to grow worse in the next
decades.5–7 Separating oil from oily water and efficiently
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removing heavy metal ions are well regarded as long-term
techniques. As a result, natural or artificial materials that
can efficiently separate oil/water mixtures and remove
heavy metal ions, are in high demand and remain a difficult
task.3,8,9 It is noted that a significant variety of traditional
technologies have been adopted for the removal of waste
oil.10 For example, gravity separation,11 hydrocyclone cen-
trifugal separation,12 chemical pretreatment (coagulation–
flocculation),13 coalescing media,14 gas flotation,15 biological
treatment,16 and media filtration.17 Compared to the above
methods, membrane filtration is recognized as one of the
most promising methods for the separation of oil from
oil/water mixtures due to its advantages including the
absence of chemical additives, high flux, environmental
friendliness, energy efficiency, easy processing, and low
maintenance cost, stable effluent quality, and small area
requirement.18–20 The recent development of super-
hydrophobic–superoleophilic materials such as sponges,
foams and textiles, as well as superhydrophilic–underwater-
superoleophobic membranes and meshes created by com-
bining surface chemical compositions and surface rough-
ness provides an encouraging opportunity for scientists to
deal with oily water by adsorbing oils or by separating
oil/water mixtures.21–24

Many studies have developed a novel method to
improve separation efficiency in the field of oil/water sep-
aration. For example, grafting of acrylic acid (AA) and
acrylamide (AM) onto eucalyptus pulp cellulose,25 using
one-step electrospinning procedure to create a smart
poly(vinylidene fluoride)-graft-poly(AA)26 and using
alkaline-induced phase-inversion process to prepare a
polyionized hydrogel polymer (sodium polyacrylate-
grafted poly(vinylidene fluoride).27

Heavy metal ions pollution is a major source of con-
cern, due to their high toxicity, bioaccumulation, nonbi-
odegradability, and other adverse effects on receiving
waters and/or soils.4 Heavy metal ions are discharged into
rivers, lakes, seas, and ocean environments directly or indi-
rectly as a result of the rapid development of industries
such as mining, metal plating, tanneries, batteries, fertil-
izers, pesticides, and paper manufacturing.28,29 For exam-
ple, cadmium is present in wastewater as (Cd2+), with a
maximum contamination level of 0.005 mg/g according to
the United States Environmental Protection Agency
(USEPA), which classified it as a potential human carcino-
gen.30,31 Also, cobalt ions (Co2+) can be found in numerous
industrial wastewater streams, causing nausea, diarrhea,
asthma, pneumonia, renal congestion, skin degeneration,
and weight loss.32,33 According to the USEPA, the maxi-
mum contamination level for cobalt is 0.1 mg/g.34

To remove the heavy metal ions, several methods
have been used such as chemical precipitation,35 ion
exchange,36 membrane technologies,37 electroflotation,38

electrodeposition,39 and nanotechnology.40 In compari-
son to the other approaches, adsorption is thought to be
the most promising technology for wastewater treatment
due to its ease of use, simplicity of design, and cost
effectiveness.41,42

Many studies were performed to remove the heavy
metal ions from water by adsorption techniques such as
using modified poly(AA) with benzoic acid functionality
as an ion exchanger or chelating agent for Cd(II), Cu(II),
Fe(III), and Co(II) ions with sorption capacity of 35.4,
38.5, 31, and 40 mg/g polymer for Cd(II), Cu(II), Fe(III),
and Co(II), respectively,41 and employing gamma irradia-
tion, which is considered a high cost technique,43 to graft
polypropylene fibers with poly(AA) as adsorbent matrix
for Co2+ and Ni2+ ions.42

The aim of this study is to design a new hydrogel-
coated membrane using facile technique which includes
impregnation of cotton fabric in poly(AA-co-NMA) solu-
tion followed by drying and curing. Different factors
including N-methylol AM (NAM) percentage, sodium
hypophosphite (SHP) percentage, and curing tempera-
ture, were studied to optimize the amount of poly(AA-co-
NMA) bonded to the cotton fabric. The designated mem-
brane was evaluated in the acid and ammonium salt
forms as a multifunction membrane for oil (n-hexane,
toluene and petroleum ether)/water separation and
heavy metal ions removal (Cd2+ and Co2+). The contact
angle at different pH (1, 7, and 11) of various oils on the
surface of the prepared membrane was measured. In
addition, the removal efficiency (R) and adsorption
capacity (Q) of the acid and ammonium salt forms of the
prepared membrane for the heavy metal ions (Cd2+ and
Co2+) were estimated.

2 | EXPERIMENTAL

2.1 | Materials

Cotton fabric was supplied by Alexandria Company for
General Supplies (Egypt) with mass per unit area of
161.55 gm/m2. AA (99.0%) was purchased from SDFCL,
India. NMA (48 wt %) was purchased from Sigma-Aldrich.
Hydrogen peroxide (H2O2) (50%) was supplied by Egyptian
British Company, Egypt. Ammonium ferrous sulfate hexa-
hydrate (AFSH) (98.5%) was obtained from Loba Chemie
Pvt. Ltd., India. SHP was supplied by Sigma-Aldrich.
Ammonium hydroxide (25%) was obtained from BDH Lim-
ited Poole England. Toluene (99.99%) (HPLC grade) and
petroleum ether (boiling range = 60–80�C) were obtained
from (Fisher Scientific, UK) and n-hexane (95%) was
obtained from TEDIA Company. Cadmium chloride
(CdCl2.H2O, 99%) was supplied by CDH (Central Drug
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House [P] Ltd., India). Cobalt(II) acetate tetrahydrate
((CH3COO)2-co-4H2O, 99%) was supplied by BDH Labora-
tory Supplies, England) and hexamethylenetetramine
(HMTA) (C6H12N4, >99%) was supplied by MERCK
Schuchardt, Germany). Xylenol orange was used as indica-
tor and ethylenediaminetetraacetic acid (EDTA) was used
as chelating agent in complexometric titration of heavy
metals. They were purchased from Sigma-Aldrich.

2.2 | Synthesis of PAA

Five different poly(AA-co-NMA) with different contents
of NMA (0, 1, 2, 3.5, and 5% based on the total monomer
weight) were synthesized in 2 L with three-necked flask
equipped with magnetic hotplate stirrer, condenser, and
thermometer using solution polymerization technique.
The ratios of the components of the five copolymers are
reported in Table 1. The mixture of monomers (30%
based on the weight of the total batch) was prepared by
mixing the monomers (AA and NMA) with 15% of water.
The initiator solution was prepared by mixing 10.51% of
H2O2 (50%) with 10.51% of distilled water. The flasks con-
tents were 0.0042% of AFSH and 33.93% of distilled
water. The flasks content's temperature was adjusted at
reflux temperature (100�C) and the stirring rate was
adjusted at 300 rpm. The monomers and initiator solu-
tions were added continuously and simultaneously over
3 h. After complete addition of all reactants, the flasks
contents were maintained at 100�C for 2 h to ensure com-
plete monomer conversion, then were cooled down to
30�C. After that, the solid content of the prepared poly-
mers was measured. Where small amount (about 1 g) of
the prepared polymers was weighed (W1) in Petri dish
and placed in the oven at 105�C for 2 h. The weight (W2)
of the samples after cooling in desiccator for 30 min was
determined and the solid content was determined as
follows:

Solid content %ð Þ¼ 100 x
W2�W1

W1
… ð1Þ

2.3 | Modification of cotton fabric
with PAA

Samples of the cotton fabric with dimension of
10 � 10 cm were washed by impregnation in 300 ml of
water which contains 10 g soap at 90�C for 15 min to
remove any impurities sticking on the fabric. After that,
the cotton fabric samples were removed, squeezed, dried
in an air oven at 120�C for 30 min and weighed (Wi).
Modification of the cotton fabric samples was performed
by impregnation of the fabric for 5 min in solution of the
previously prepared poly(AA-co-NMA) with solid content
of 10%. After that, the modified samples were removed
from modification solution, squeezed, and dried in air
oven at 120�C for 30 min and cured at 150�C. The effect
of curing temperature on the amount of bonded copoly-
mer PAA3 was studied at different temperatures (150�C–
170�C–190�C–210�C) for 7 min. The effect of addition of
SHP on the bonding of copolymerPAA3 to the cotton fab-
ric was investigated by adding different concentrations
(2.5%–5%–7.5%–10%) of SHP to PAA3 solution (10%) and
impregnating of cotton samples for 5 min in them. The
curing temperature was 190�C in case of modification of
cotton fabric with PAA3 in the presence of SHP. After
curing, the modified cotton samples were immersed in
300 ml deionized water at 90�C to remove unbonded
copolymer, dried in an oven at 120�C for 30 min and left
to cool in desiccator for 30 min. After cooling, the fabric
samples were weighed (Wf ) and the amount of bonded
copolymer to cotton fabric was calculated using the fol-
lowing equation:

Bonded copolymer %ð Þ¼ 100 x
Wf �Wi

Wi
… ð2Þ

TABLE 1 Ratios of the different componentsa

Ingredients PAA0 PAA1 PAA2 PAA3 PAA4

Monomers mixture AA 30 29.70 29.40 28.95 28.50

NMA 0 (0%)b 0.30 (1%)b 0.60 (2%)b 1.05 (3.5%)b 1.50 (5%)b

H2O 15

Initiator solution H2O2 10.51

H2O 10.51

Flask contents H2O 33.98

AFSH 0.0042

Abbreviation: AFSH, ammonium ferrous sulfate hexahydrate.
aAll the weights are expressed in percentage based on the total batch weight.
bThe percentage is based on the total monomers weight.
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2.4 | Characterization and analysis

Fourier transformer infrared (FTIR) spectroscopy of
poly(AA-co-NMA), modified, and unmodified cotton fab-
ric was carried out using a Nicolet 380 spectrophotometer
(Thermo Fischer Scientific) in the range of 4000–
400 cm�1. The polymerization of AA and NMA was con-
firmed through determination of poly(AA-co-NMA)
molecular weight. The molecular weight was measured
by Alliance e2695, Waters at 25�C using Agilent PAA
sodium salt as calibration standard, flow rate: 1 ml/min
and the sample concentration was 1 mg/ml. The mobile
phase was a distilled water containing 100 mM NaCl,
10 mM NaH2PO4, and 0.02% NaN3. The column used was
PL aquagel-OH 40 and the detector used was RI. The sur-
face morphology of the unmodified and modified cotton
fabric was observed using optical microscope (Compact
Video Microscope) (AC24OV, Japan) in the wet state and
scanning electron microscope (SEM) Model VEGA3
(TESCAN, France). The underwater oil contact angle
(OCA) of the different oils (toluene, petroleum ether, and
n-hexane) on unmodified and modified cotton fabric sur-
face at different pH values (1, 7, and 11) was observed by
Compact Video Microscope. To study the underwater
OCA, the samples were placed underwater and the oil
dyed with plasticolors (DTP-709 Red122) was injected
into water. The oil droplet contacted the undersurface of
the textile and the OCA was measured.44

2.5 | Oil/water mixture separation

The separation was carried out by the suggested
oil/water separation system shown in Figure 1 which
includes a cylinder of 5.53 cm diameter, while the pre-
pared membrane was fixed on its bottom and a beaker
was placed under the membrane as a container. The
separation was achieved by gravity after 500 ml of
oil/water mixture was poured into the cylinder. Three
types of oil phase namely: toluene, petroleum ether,
and n-hexane were used for the separation experiments.
100 ml oil and 400 ml water were mixed to form the
oil/water mixture. The membrane was first wetted by
neutral water without subsequent drying for the separa-
tion of oil/water mixtures in the acidic form. While in
the neutralized form, the membrane was immersed in
an ammonia solution (10 ml ammonia and 200 ml
water) for 5 min before the separation. The prepared
membranes were used to separate the same oil/water
mixture several times to determine the reusing effi-
ciency across 10 cycles. After that, the oil/water separa-
tion ability was estimated by volume measurements. A
pipette was used to measure the volume of the collected

oil. The separation efficiency (Ks) was calculated
according to the following equation45:

Ks %ð Þ¼ 100 x
Vcol
Vo

… ð3Þ

where Vcol and Vo are the collected and initial volumes
of oil, respectively. The gravity-driven separation flux of
mixture was obtained across 10 cycles for the unmodified
and modified cotton fabric by the following equation2:

Flux Fð Þ¼ V
St
… ð4Þ

where V is the volume of filtrate in liter (L), S is the sur-
face area of separation material (m2), and t is the separa-
tion time (h).

2.6 | Heavy metal ions removal

A definite weight (0.5 g) of modified cotton fabric was
cut into small pieces and immersed in 100 ml
(concentration = 500 mg/L) of heavy metal ions solu-
tions (cadmium chloride or cobalt acetate) at pH 7. These
solutions were shaken for 2 h at 300 rpm at room

FIGURE 1 Oil/water separation system
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temperature. The modified cotton fabric pieces were
removed by filtration and the filtrate which contains the
metal ions was estimated by complexometric titration
using EDTA solution (0.0005 molar) as titrant and
xylenol orange solution (0.1 g/100 ml H2O) as indicator.
Accurately, 10 ml of metal ions solution was introduced
in 100 ml flask containing 10 ml of distilled water, 0.25 g
of HMTA (as buffer), and five drops of xylenol orange.46

The end point was obtained when the color changed
from violet to yellow.

The amount of adsorbed Cd (II) and Co(II) ions on
modified cotton fabric at equilibrium, qe, (mg/g) was
obtained according to the following equation1,39,47:

qe ¼
Co�Ceð Þx V

W
… ð5Þ

where qe is the adsorption capacity at equilibrium
(mg/g), C0 is the initial concentration of the heavy metal
ions solution (mg/L), Ce is the equilibrium concentration
of the heavy metal ions solution (mg/L), V is the volume
of heavy metal ions solution (L), and W is the weight of
adsorbent modified cotton fabric (g).

The removal ratio (R%) was calculated by the follow-
ing equation1,39:

R %ð Þ¼ 1�Cpð Þ
Cf

x100… ð6Þ

where Cf and Cp are the concentrations of the heavy
metal ions solution in the initial solution and the filtrate
in rapid adsorption experiment (mg/L), respectively.

3 | RESULTS AND DISCUSSION

3.1 | Effect of modification conditions on
the amount of PAA bonded

All the prepared polymers gave a solid content values in the
range of 28.9–29.2. Before using in the modification, the
solid content of the prepared polymers was adjusted at 10%.
Three factors were studied namely, the effect of NMA con-
centration, SHP concentration, and the curing temperature.

3.1.1 | Effect of NMA concentration

The obtained results in Figure 2(A) showed that the
amount of PAA bonded to the cotton fabric was very low
(0.5%) in the absence of NMA, which may be attributed
to esterification reaction between the carboxylic groups
of PAA and hydroxyl groups of cotton fabric or the

hydrogen bonds formation. The increase in NMA amount
within PAA increased the amount of copolymer bonded
to the cotton fabric up to 3.5% NMA. In addition, no sig-
nificant increment in the bonded copolymer was
observed in the presence of 5% NMA. The NMA mono-
mer acts as bonding agent, where it can make ether link-
ages with hydroxyl groups of the cotton fabric through
condensation reaction and consequently bonds the PAA
to the cotton fabric as indicated in Scheme 1.48 As can be
clearly seen, the amount of PAA bonded to the cotton
fabric increased, after addition of 3.5% NMA to PAA, by
9.54% compared to PAA without NMA.

3.1.2 | Effect of curing temperature

Figure 2(B) shows the effect of curing temperatures
(150, 170, 190, and 210�C) on the amount of poly(AA-co-
NMA), with 3.5% NMA, bonded to the cotton fabric. Peng

FIGURE 2 Effect of different parameters: (a) N-methylol

acrylamide (NMA) %, (b) curing temperature, and (c) sodium

hypophosphite (SHP) % on the amount of PAA bonded to cotton

fabric
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et al.49 studied the effect of curing temperature on the
total amount of maleic acid (MA) bonded to the cotton
fabric in the presence and absence of SHP, where the
results showed significant effect of curing temperature on
the esterification reaction between MA and cotton fabric.
Similar results were obtained, where the amount of
copolymer bonded to cotton fabric increased from 5.27 to
6.51% when the curing temperature was raised from
150 to 170�C. The increment in the amount of copolymer
bonded to cotton fabric continued up to curing tempera-
ture 190�C reaching 11.32% then decreased to 9.05% as
the curing temperature was raised to 210�C.

3.1.3 | Effect of SHP concentration

The data represented in Figure 2(C) indicated that the use
of NaH2PO2 as a catalyst increased the amount of poly(AA-
co-NMA) bonded to cotton fabric.50 Without NaH2PO2, the
amount of copolymer bonded to cotton fabric was
increased from 5.27 to 11.32% as the curing temperature
was raised from 150 to 190�C. When NaH2PO2 was used as
a catalyst at low concentration (2.5%), it became 12.87% at
curing temperature 190�C, which was higher than that of
the copolymer-treated cotton without NaH2PO2 by 13.7%.

Also, the amount of bonded copolymer increased from
12.87 to 14.26% when the concentration of NaH2PO2 was
increased from 2.5 to 5%. Thus, the data presented here
clearly demonstrated that NaH2PO2 acted as a catalyst to
accelerate the reaction between the polymer and the cotton
fabric and consequently increased the amount of PAA
bonded to the fabric. Thus, the highest amount of copoly-
mer bonded to cotton fabric was achieved at 5% SHP.
Hence, it was concluded that, the highest amount of the
copolymer bonded to cotton fabric was achieved at 3.5%
NMA, in the presence of 5% SHP and at curing tempera-
ture 190�C as can be seen from Figure 2(A–C).

3.2 | Characterization of
poly(AA-co-NMA)-treated cotton fabric

3.2.1 | FTIR spectroscopy

FTIR is one of the most widely used techniques for char-
acterization of the organic and inorganic materials. The
spectra of poly(AA-co-NMA), untreated cotton and
poly(AA-co-NMA)-treated cotton are displayed in Figure 3.
The spectrum (A) confirmed the formation of poly(AA-
co-NMA) as indicated from the presence of the broad

SCHEME 1 Condensation reaction between cotton fabric and poly(acrylic acid-co-N-methylol acrylamide) (poly(AA-co-NMA))

FIGURE 3 Fourier

transformer infrared (FTIR)

of (a) poly(acrylic

acid-co-N-methylol acrylamide)

(poly(AA-co-NMA)),

(b) untreated cotton fabric, and

(c) poly(AA-co-NMA)-treated

cotton fabric
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peak in the range of 3100–3700 cm�1 which characterizes
OH groups. The peaks at 2920 and 2960 cm�1 are

assigned to stretching vibrations of asymmetric and sym-
metric CH2 groups.51 Also, the peak at 2850 cm�1 is
due to the stretching vibration of CH groups.52 The
peaks at 1710 and 1650 cm�1 are assigned to the carbonyl
group of COOH and CONH�, respectively.53 The
characteristic peaks of NMA appeared at 1045 and
1280 cm�1 due to the stretching vibration of C O H, as
reported by Kim et al.54 The broad peak at 3325 cm�1 in
spectrum (B) is due to hydrogen bonded OH groups in

cotton fabric. The peak at 1635 cm�1 is due to absorbed
water molecules. The vibrations characteristics peaks of
CH appeared at 2894, 1424, and 1370 cm�1. The OH

in plane bending is characterized by the peaks at 1315
and 1200 cm�1. The peak at 1156 and 1034 cm�1 are due
to asymmetric bridge C O C and asymmetric stretching
of C O.55 The presence of the characteristic peaks of
poly(AA-co-NMA) in the spectrum (C) of treated cotton
fabric such as the peak at 1714 cm�1 confirms the bond-
ing between the PAA and cotton fabric. In addition, the
polymerization of PAA was confirmed using molecular

FIGURE 4 Optical images of: (a) wet unmodified cotton fabric, (b) wet of unneutralized modified cotton fabric, and (c) wet neutralized

modified cotton fabric and scanning electron microscope (SEM) images of: (d) unmodified cotton fabric (150�), (e) modified cotton fabric

(150�), (f) unmodified cotton fabric (500�), and (g) modified cotton fabric (500�)
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weight measurement. The weight average molecular
weight (Mw) was 9161 Daltons.

3.3 | Surface morphology

The surface morphology of the unmodified and modified
cotton fabrics was observed using optical microscope
(Figure 4(A–C)) and SEM (Figure 4(D–G)). Figure 4(A–C)
shows the optical images of the wet unmodified and mod-
ified cotton fabrics, where it can be clearly seen that, the
pores of the modified cotton fabrics are smaller than
those of unmodified cotton fabric. The reduction in the
pore size of cotton fabric may be attributed to the swell-
ing of the bonded poly(AA-co-NMA) resulting from the
bonding to water molecules. The neutralization of the
bonded copolymer increased its hydrodynamic volume as
a result of mutual electrostatic repulsion between the
negative ammonium carboxylate groups which reduced
the pore size of cotton fabric to more extent.56,57

Figure 4(D–G) shows the SEM micrographs of unmodi-
fied and modified cotton fabrics at 150� and 500�.
It could be observed that, the SEM micrographs of
unmodified cotton fabric displayed smooth and clean sur-
face compared to that of modified cotton fabric. The dif-
ferences of the surface morphology could be easily

observed on the modified cotton fabric which displayed
rough surface and where a dense layer of poly(AA-co-NMA)
film was formed on it.58

3.4 | Performance of modified cotton
fabric membrane in oil/water separation

The underwater OCA of the different oils namely;
toluene, n-hexane, and petroleum ether, on the surface of
modified cotton fabric at different pH values (1, 7, and 11)
of water was used as an indicator for the surface wettabil-
ity. In general, the modified cotton fabric exhibited con-
tact angle higher than 125� which indicated that, the
modification of cotton fabric by the copolymer improved
the hydrophilicity even at low pH = 1. It was observed
that, the OCA of the different oils used was increased as
the pH of the water was increased over than 140� at neu-
tral pH = 7, which indicated the increase of the hydrophi-
licity of the modified cotton fabric. With increasing the
pH value to 11, the surface of modified cotton fabric
became underwater superoleophobic, where modified cot-
ton fabric recorded OCA values 153, 150, and 155� with
toluene, n-hexane, and petroleum ether, respectively.

As the pH was raised, the fabric became sup-
erhydrophilic, due to the variation of ionization state of

TABLE 2 Underwater OCA of different oils at different pH values

pH Toluene contact angle n-Hexane contact angle Petroleum ether contact angle

pH = 1

(130�) (128�) (127�)

PH = 7

(143�) (145�) (144�)

pH = 11

(153�) (150�) (155�)

Abbreviation: OCA, oil contact angle.
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the copolymer. The copolymer chains were deprotonated
and shifted from a globule to an extended conformation,
allowing them to make strong bonds with water molecules
and creating a more hydrophilic surface.44,59 The deproto-
nation of the poly(AA-co-NMA) happened with the
increase of the pH value making mutual repulsion between
the carboxylate groups and consequently higher swelling
ratio and higher hydrodynamic volume. At high pH value,
the surface was superhydrophilic and underwater super-
oleophobic, allowing passage of the water through oil
phase. The swelling of copolymer layer in water and high
repellency to oil achieved the underwater superoleophobic.
On the fabric surface, a hydrogel-like membrane could be

observed as indicated from optical images in Figure 4(A–C)
representing the wet unmodified, unneutralized and neu-
tralized modified cotton fabric, respectively. When the fab-
ric was modified with acidic water (pH = 1), the OCA
decreased to 127�:130� according to the oil type as shown
in Table 2 indicating that the coated fabric membrane
became less hydrophilic. The protonated polymers with
collapsed structure prevented water from wetting the fabric
and attained high affinity to the oil.44 It was concluded that
the modification of cotton fabric with poly(AA-co-NMA)
improved the hydrophilicity of membrane, which increased
to more extent with the increase in pH value as shown
from contact angle results in Table 2.
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3.5 | Oil/water separation

The oil/water separation experiment was utilized to dem-
onstrate the superhydrophilicity and underwater supero-
leophobicity of the modified cotton fabric. When oil/
water mixture was poured into the suggested system, the
water easily flowed through the modified cotton fabric
while the oil clogged up, suggesting that the oil/water
mixture was successfully separated with great efficiency.
The separation efficiency for different examined types of
oil phase, namely toluene, petroleum ether, and n-hexane
was calculated using Equation (3). As indicated from
Figure 5(A,B), the separation efficiency was estimated for
PAA modified cotton fabric membrane over 10 cycles of
oil/water mixture separation. It can be seen from
Figure 5(A), the separation efficiency of acid form mem-
brane ranged from 90 to 92%. In addition, the separation
efficiency for neutralized form was higher, as indicated
from Figure 5(B), where it ranged from 98 to 99%. The
unmodified cotton fabric did not show any separation
efficiency where all oil phases passed from the cotton fab-
ric. The separation efficiency in the neutralized form was
higher than that in acidic form. This may be attributed to
that, the OCA increased with the increase in the pH
values as indicated above, which enhanced the super-
hydrophilicity and underwater superoleophobicity of the
modified cotton fabric surface, allowing water uptake in
oil.8,60 In addition, the swelling of poly(AA-co-NMA)
layer bonded to modified cotton fabric formed a
hydrogel-like membrane on the fabric surface which
imparted a high repellency to oils.44,61 Further investiga-
tion of the cycling performance of the neutralized and
unneutralized modified cotton fabric showed that, both

modified cotton fabric membranes maintained their high
separation efficiency after 10 separation cycles. The flux
of modified cotton fabric membranes with different
oil/water systems across 10 cycles was determined
according to Equation (4). As shown in Table 3, the flux
rate decreased as the pH value of the water was
increased, where the bonded PAA swells, clogs the pores
of the fabric and retarded the flow of the water as shown
in the optical images of the wet membranes. These
results indicated that the designed modified cotton fabric
membrane achieved high separation efficiency, large per-
meation flux, and excellent stability for many separation
cycles with many types of oil/water systems.

3.6 | Heavy metal ions removal

A high contact area and a strong interaction between
adsorbents and metal ions are required for effective adsorp-
tion of adsorbents for the removal of metal ions. The
hydrogel copolymer chains in this study contain functional
groups such as COOH and COO� in unneutralized and
neutralized form, respectively. These functional groups
served as active sites for adsorption of metal ions. The pro-
posed adsorption mechanism was attributed to the metal
ions chelating to the functional groups via the electrostatic
interactions at pH = 7. The results of the current study are
shown in Table 4 investigated the adsorption performance
of modified cotton fabric in both acidic and neutralized
form. The modified cotton fabric was used to adsorb and
remove various traces of metal ions (Cd2+ and Co2+). The
removal ratios of unneutralized modified cotton fabric
reached 35.27% for Cd2+ (qe = 36.95 mg/g) and 30.21% for

TABLE 3 Flux of modified cotton fabric membranes for the different examined oil/water systems in acidic and neutralized form after

(1–10) cycles

Cycle No.

Flux (L/m2.h)

Acidic Neutralized

Toluene Petroleum ether n-Hexane Toluene Petroleum ether n-Hexane

1 21 413 19 985 23 060 3090 2968 3331

2 17 130 10 901 18 168 3075 2939 3312

3 12 236 9670 17 130 3028 2910 3294

4 10 706 7786 19 985 2998 2896 3294

5 12 236 8327 16 654 2983 2882 3258

6 11 312 8102 15 373 2953 2855 3241

7 9368 7138 18 736 2925 2841 3223

8 10 518 7402 17 130 2896 2841 3206

9 9517 7312 15 373 2869 2828 3206

10 8327 6813 18 736 2855 2815 3172
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Co2+ (qe = 38.64 mg/g). The neutralized form of modified
cotton fabric was more efficient than that of the
unneutralized one, where the removal ratios reached
59.94% for Cd2+ (qe = 62.73 mg/g) and 43.98% for Co2+

(qe = 56.31 mg/g). The neutralization of modified cotton
fabric improved the removal ratio by 69.9% for Cd2+ and
45.6% for Co2+ as shown in Table 4. These results demon-
strated that the pH has a significant impact on the metal
ions removal efficiency. The balance between COOH and
COO� is used to discuss the high metal removal efficiency
with the salt form of PAA modified cotton fabric. This bal-
ance is shifted to formation of COO� groups after neutral-
ization of PAA modified cotton with ammonium
hydroxide. Because COO�groups increased in the salt
form of PAA modified cotton, the electrostatic attraction
between Cd2+ or Co2+ and COO� increased resulting in
higher removal of heavy metal ions.1,62–64

4 | CONCLUSIONS

In this study, the cotton fabric was modified with
hydrophilic poly(AA-co-NMA) to improve the oil/water
separation and for heavy metal ions removal efficiency.
The success of the modification process was confirmed
by the appearance of the characteristic peaks of the
copolymer in the FTIR spectrum of the modified cotton
fabric. In addition, the optical images and the SEM
micrographs confirmed the bonding of the copolymer to
the surface of cotton fabric. The optimum conditions
which gave higher bonded copolymer to cotton fabric
were achieved at 3.5% NMA, in the presence of 5% SHP
and at curing temperature 190�C. The modified cotton
fabric exhibited high separation efficiency for different
oil/water systems up to 10 cycles with high flux rates.
The neutralized modified cotton fabric gave higher
separation efficiency (98–99%) with all examined oils
compared to the unneutralized one (90–92%). The
higher separation efficiency of the neutralized modified
cotton fabric was attributed to the increase in OCA,

which was higher than 150� at pH value = 11. Also,
the neutralization of modified cotton fabric improved
the removal ratios by 69.9% for Cd2+ and 45.6% for Co2+

compared to the unneutralized one.

ACKNOWLEDGMENT
This work was supported by the Textile Metrology Labo-
ratory and Polymer Metrology and Technology Labora-
tory at National institute of Standards, Giza, Egypt.

AUTHOR CONTRIBUTIONS
Ahmed Abdel-Hakim and Amira H. Abdella performed
the experiment; analysis of the results and wrote the orig-
inal draft. Ferial M. Tera contributed to methodology,
wrote the original draft, reviewed and edited the manu-
script; Magdy W. Sabaa, Hoda Y. Gohar and Riham R.
Mohamed reviewed and edited the manuscript.

ORCID
Ahmed Abdel-Hakim https://orcid.org/0000-0003-4964-
6390

REFERENCES
[1] B. Zhang, Y. Jiang, J. Han, Fibers Polym. 2017, 18, 1754.
[2] X. Chen, Y. He, Y. Fan, Q. Yang, X. Yang, G. Zeng, J. Mater.

Sci. 2018, 53, 516.
[3] H. Shi, Y. He, Y. Pan, H. Di, G. Zeng, L. Zhang, C. Zhang,

J. Membr. Sci. 2016, 506, 60.
[4] M. Liu, J. Li, Z. Guo, Chem. Eng. J. 2016, 304, 115.
[5] S. Deng, P. Wang, G. Zhang, Y. Dou, J. Hazard. Mater. 2016,

307, 64.
[6] P. Wang, M. Du, H. Zhu, S. Bao, T. Yang, M. Zou, J. Hazard.

Mater. 2015, 286, 533.
[7] G. Zeng, Y. He, Y. Zhan, L. Zhang, Y. Pan, C. Zhang, Z. Yu,

J. Hazard. Mater. 2016, 317, 60.
[8] J. Liu, P. Li, L. Chen, Y. Feng, W. He, X. Yan, X. Lü, Surf.

Coat. Technol. 2016, 307, 171.
[9] W. Bigui, Y. Cheng, L. Jianlin, W. Gang, D. Liang, S. Xiaosan,

W. Fuping, L. Hua, C. Qing, Sep. Purif. Technol. 2019, 229,
115808.

[10] J. Saththasivam, K. Loganathan, S. Sarp, Chemosphere 2016,
144, 671.

TABLE 4 Adsorption performances of unmodified cotton fabric and modified cotton fabric in unneutralized and neutralized form for

Cd2+ and Co2+ ions

Metal ion Adsorbents

Concentration of metal ions (mg/L)

Adsorption
capacity (mg/g)

Removal
ratio (%)Initial concentration

Final
concentration

Cd2+ Unmodified cotton fabric 525.11 522.43 0.54 0.51

Modified cotton fabric (unneutralized) 339.90 36.95 35.27

Modified cotton fabric (neutralized) 210.38 62.73 59.94

Co2+ Unmodified cotton fabric 641.80 635.98 1.16 0.91

Modified cotton fabric (unneutralized) 447.91 38.64 30.21

Modified cotton fabric (neutralized) 359.51 56.31 43.98

ABDEL-HAKIM ET AL. 943

https://orcid.org/0000-0003-4964-6390
https://orcid.org/0000-0003-4964-6390
https://orcid.org/0000-0003-4964-6390


[11] A. M. Pintor, V. J. Vilar, C. M. Botelho, R. A. Boaventura,
Clean Technol. Environ. Policy 2014, 16, 1725.

[12] Z.-s. Bai, H.-l. Wang, S.-T. Tu, Chem. Eng. Res. Des. 2011,
89, 55.

[13] C. E. Santo, V. J. Vilar, C. M. Botelho, A. Bhatnagar, E.
Kumar, R. A. Boaventura, Chem. Eng. J. 2012, 183, 117.

[14] L. Zhang, T. Zhu, Y. Sun, B. Jiang, J. Dispers. Sci. Technol.
2015, 36, 182.

[15] J. M. Younker, M. E. Walsh, Water Qual. Res. J. Can. 2014,
49, 135.

[16] A. R. Pendashteh, L. C. Abdullah, A. Fakhru'l-Razi, S. S.
Madaeni, Z. Z. Abidin, D. R. A. Biak, Process Saf. Environ.
Prot. 2012, 90, 45.

[17] B. Kose, H. Ozgun, M. E. Ersahin, N. Dizge, D. Y. Koseoglu-
Imer, B. Atay, R. Kaya, M. Altınbas, S. Sayılı, P. Hoshan, Desa-
lination 2012, 285, 295.

[18] J. Ge, J. Zhang, F. Wang, Z. Li, J. Yu, B. Ding, J. Mater. Chem.
A 2017, 5, 497.

[19] M. S. S. A. Saraswathi, A. Nagendran, D. Rana, J. Mater. Chem.
A 2019, 7, 8723.

[20] D. V. Bhalani, S. K. Jewrajka, J. Membr. Sci. 2019, 583, 278.
[21] T. Fan, J. Miao, Z. Li, B. Cheng, J. Hazard. Mater. 2019,

373, 11.
[22] L. Yang, C. Chen, Y. Hu, F. Wei, J. Cui, Y. Zhao, X. Xu, X.

Chen, D. Sun, J. Colloid Interface Sci. 2020, 562, 21.
[23] S. Ouyang, T. Wang, X. Jia, Y. Chen, J. Yao, S. Wang, Mater.

Des. 2016, 96, 357.
[24] J. Li, X. Wu, P. Jiang, L. Li, J. He, W. Xu, W. Li, J. Vinyl Addit.

Technol. 2020, 26, 3.
[25] M. Cheng, H. He, H. Zhu, W. Guo, W. Chen, F. Xue, S. Zhou,

X. Chen, S. Wang, Carbohydr. Polym. 2019, 203, 246.
[26] B. Cheng, Z. Li, Q. Li, J. Ju, W. Kang, M. Naebe, J. Membr. Sci.

2017, 534, 1.
[27] S. Gao, J. Sun, P. Liu, F. Zhang, W. Zhang, S. Yuan, J. Li,

J. Jin, Adv. Mater. 2016, 28, 5307.
[28] E. N. Zare, A. Motahari, M. Sillanpää, Environ. Res. 2018,

162, 173.
[29] F. S. A. Khan, N. M. Mubarak, Y. H. Tan, M. Khalid, R. R.

Karri, R. Walvekar, E. C. Abdullah, S. Nizamuddin, S. A.
Mazari, J. Hazard. Mater. 2021, 413, 125375.

[30] M. N. Subramaniam, P. S. Goh, W. J. Lau, A. F. Ismail,
Nanomaterials 2019, 9, 625.

[31] Z. Madzin, F. M. Kusin, F. M. Yusof, S. N. Muhammad,
MATEC Web Conf. 2017, 103, 05010.

[32] Y. Huang, J. Li, X. Chen, X. Wang, RSC Adv. 2014, 4, 62160.
[33] Q. Chen, Y. Yao, X. Li, J. Lu, J. Zhou, Z. Huang, J. Water

Process Eng. 2018, 26, 289.
[34] A. Bashir, L. A. Malik, S. Ahad, T. Manzoor, M. A. Bhat,

G. Dar, A. H. Pandith, Environ. Chem. Lett. 2019, 17, 729.
[35] I. G. Sandoval-Olvera, P. Gonzalez-Munoz, L. Palacio, A.

Hernandez, M. Avila-Rodriguez, P. Pradanos, Sep. Purif.
Technol. 2019, 210, 371.

[36] R. Selvaraj, M. Santhanam, V. Selvamani, S. Sundaramoorthy,
M. Sundaram, J. Hazard. Mater. 2018, 346, 133.

[37] D. Ning, C. Yang, H. Wu, Sep. Purif. Technol. 2019, 220, 217.
[38] H. Fan, H. Ren, X. Ma, S. Zhou, J. Huang, W. Jiao, G. Qi,

Y. Liu, Chem. Eng. J. 2020, 390, 124639.
[39] X. Wang, P. Yu, K. Zhang, M. Wu, Q. Wu, J. Liu, J. Yang, J.

Zhang, Polymer 2020, 210, 123002.

[40] F. Fu, Q. Wang, J. Environ. Manage. 2011, 92, 407.
[41] M. Y. Abdelaal, M. S. Makki, T. R. Sobahi, Am. J. Polym. Sci.

2012, 2, 73.
[42] M. Hassan, EJRSA 2014, 27, 63.
[43] D. Manas, M. Ovsik, A. Mizera, M. Manas, L. Hylova, M.

Bednarik, M. J. P. Stanek, Polymers 2018, 10, 158.
[44] J. Wu, Y. Jiang, D. Jiang, J. He, G. Cai, J. Wang, Mater. Lett.

2015, 160, 384.
[45] M. Khosravi, S. Azizian, R. Boukherroub, Sep. Purif. Technol.

2019, 215, 573.
[46] A. Hashem, M. M. Elhmmali, Polym.-Plast. Technol. Eng. 2006,

45, 707.
[47] P. Yu, X. Wang, K. Zhang, M. Wu, Q. Wu, J. Liu, J. Yang, J.

Zhang, Cellulose 2020, 27, 5223.
[48] L. Ma, Y. Zhang, X. Wang, R. Tang, X. Zheng, Y. Dong, G.

Kong, Z. Hou, L. Wei, J. Appl. Electrochem. 2021, 51, 131.
[49] H. Peng, C. Q. Yang, X. Wang, S. Wang, Ind. Eng. Chem. Res.

2012, 51, 11301.
[50] N. M. Morris, E. A. Catalano, B. A. K. Andrews, Cellulose

1995, 2, 31.
[51] A. Abdelkhalik, A. Abdel-Hakim, G. Makhlouf, A. A. El-

Gamal, J. Therm. Anal. Calorim. 2019, 138, 1021.
[52] A. Abdel-Hakim, A. A. El-Gamal, M. M. EL-Zayat, A. M.

Sadek, Radiat. Phys. Chem. 2021, 189, 109729.
[53] G. Craciun, D. Ighigeanu, E. Manaila, M. D. Stelescu, Mater.

Res. 2015, 18, 984.
[54] Y. J. Kim, M. Ebara, T. Aoyagi, Adv. Funct. Mater. 2013, 23,

5753.
[55] C. Chung, M. Lee, E. K. Choe, Carbohydr. Polym. 2004,

58, 417.
[56] H. Abdel-Wahhab, A. M. Naser, F. Abdel-Hai, S. I. Mohamed,

A. Abdel-Hakim, J. Appl. Sci. Res. 2011, 7, 1386.
[57] S. Fallah, H. R. Mamaghani, R. Yegani, N. Hajinajaf, B.

Pourabbas, Adv. Compos. Hybrid Mater. 2020, 3, 187.
[58] D. Gao, Y. Zhang, B. Lyu, P. Wang, J. Ma, Carbohydr. Polym.

2019, 206, 245.
[59] H.-i. Lee, J. R. Boyce, A. Nese, S. S. Sheiko, K. Matyjaszewski,

Polymer 2008, 49, 5490.
[60] Y. Zhao, Y. Zhang, F. Li, Y. Bai, Y. Pan, J. Ma, S. Zhang, L.

Shao, J. Membr. Sci. 2021, 627, 119234.
[61] S. Kordjazi, K. Kamyab, N. Hemmatinejad, Adv. Compos.

Hybrid Mater. 2020, 3, 167.
[62] Q. Lv, X. Hu, X. Zhang, L. Huang, Z. Liu, G. Sun, Mater. Des.

2019, 181, 107934.
[63] Q. Liu, Q. Liu, B. Liu, T. Hu, W. Liu, J. Yao, J. Hazard. Mater.

2018, 352, 27.
[64] H. Dai, H. Huang, J. Agric. Food Chem. 2017, 65, 565.

AUTHOR BIOGRAPHIES

Ahmed Abdel-Hakim is now a doctor in Polymer
Metrology and Technology Laboratory, National Insti-
tute of Standards, Giza, Egypt. His research work
focuses on the polymer synthesis and polymer
composites.

Amira H. Abdella is now a research assistant at
Textile Metrology Laboratory, National Institute of

944 ABDEL-HAKIM ET AL.



Standards, Giza, Egypt. She is a master's student in
Faculty of Science, Chemistry Department, Cairo
University.

Magdy W. Sabaa is now a professor of Polymer
Chemistry and Technology in Faculty of Science,
Cairo University. His research focuses on polymer
modification, grafting, hydrogel synthesis and drug
delivery systems.

Hoda Y. Gohar is now a researcher at the National
Institute of Standards, Giza, Egypt. She is a member
of the Division of Chemical Metrology, Textile Metrol-
ogy Laboratory. Her research field focuses on textile
dyeing, printing, finishing and treatments.

Riham R. Mohamed is now a professor of Polymer
Chemistry and Technology in Faculty of Science,
Cairo University. Her research focuses on polymer

modification, grafting, hydrogel synthesis and drug
delivery systems.

Ferial M. Tera is now at the National Institute of
Standards, Giza, Egypt. She is a member of the Divi-
sion of Chemical Metrology, Textile Metrology Labo-
ratory. Her research field focuses on textile
modification, grafting, multifunction applications,
composites, nanomaterials application, photo fading
and characterization and water treatment.

How to cite this article: A. Abdel-Hakim, A.
H. Abdella, M. W. Sabaa, H. Y. Gohar, R.
R. Mohamed, F. M. Tera,. J. Vinyl Addit. Technol.
2021, 27(4), 933. https://doi.org/10.1002/vnl.21866

ABDEL-HAKIM ET AL. 945

https://doi.org/10.1002/vnl.21866

	Performance evaluation of modified fabricated cotton membrane for oil/water separation and heavy metal ions removal
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Materials
	2.2  Synthesis of PAA
	2.3  Modification of cotton fabric with PAA
	2.4  Characterization and analysis
	2.5  Oil/water mixture separation
	2.6  Heavy metal ions removal

	3  RESULTS AND DISCUSSION
	3.1  Effect of modification conditions on the amount of PAA bonded
	3.1.1  Effect of NMA concentration
	3.1.2  Effect of curing temperature
	3.1.3  Effect of SHP concentration

	3.2  Characterization of poly(AA-co-NMA)-treated cotton fabric
	3.2.1  FTIR spectroscopy

	3.3  Surface morphology
	3.4  Performance of modified cotton fabric membrane in oil/water separation
	3.5  Oil/water separation
	3.6  Heavy metal ions removal

	4  CONCLUSIONS
	ACKNOWLEDGMENT
	  AUTHOR CONTRIBUTIONS
	REFERENCES


