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Multifunctional cotton fabrics are considered a significant challenge, hindering their commercialization
through a scalable and eco-friendly method. The main drawbacks that limit their wide application are
the lack of antibacterial activity, wettability, and being easily damaged by fire. Herein, we report a facile
synthesis technique of superhydrophobic, flame resistant and antibacterial cotton fabric production
using APTES agents to achieve all the above-mentioned properties. This study optimized the chemical
grafting of aminoalkylsilane on the cotton surface with different reaction times and APTES
concentrations to get the highest grafting content. Chemical characterization confirmed successful
aminoalkylsilane grafting on the surface of cotton fabric. Subsequently, the antibacterial activity,
wettability, and flame resistance properties of aminoalkylsilane grafted cotton fabric were accurately
investigated. The obtained results showed that samples at 10 h reaction time with 14% APTES
concentration indicated higher grafting content which showed high enhancement. Additionally, all
produced aminoalkylsilane grafted cotton demonstrated a water contact angle of higher than 115° with

low surface energy as well as impressive antibacterial activity. The obtained grafted cotton could be used
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Accepted 11th July 2022 as a promising filter screen for separating oils from contaminated water with more than 90% separation
efficiency. This method is easy, environmentally friendly, cost-effective, and practical. It can be widely

DOI: 10.1039/d2ra03214g used to produce superhydrophobic cotton fabric on a large scale, which holds great potential in oil-

rsc.li/rsc-advances water separation energy-saving clothing and healthcare products.

surfaces, fabrics are highly desirable to give additional protec-
tion and preserve their cleanliness against liquids and other

1. Introduction

(cc)

Cotton is well known as one of the most popular resources and
has been widely used in different industrial fields for many
years due to its excellent properties such as biodegradability,
biocompatibility, good mechanical properties, air permeability,
hydrophilicity, softness, comfortableness as well as easy mass
production, etc.* Despite these properties, cotton showed some
drawbacks for practical applications, such as being more
combustible than most commonly available fabric, which
limited the production of high-performance textile products.>
Besides the high natural inspiration to have non-wetting

“State Key Laboratory for Modification of Chemical Fibers and Polymer Materials,
Shanghai “Belt & Road” Joint Laboratory of Advanced Fibers and Low-dimension
Materials, College of Materials Science and Engineering, Donghua University,
Shanghai 201620, People's Republic of China. E-mail: cmseysy@dhu.edu.cn

"Textile Industries Mechanical Engineering and Techniques Department, Faculty of
Mechanical and Electrical Engineering, Damascus University, Damascus, Syria
‘Research Centre for Smart Wearable Technology, Institute of Textiles and Clothing,
The Hong Kong Polytechnic University, Hung Hom, Kowloon 999077, Hong Kong, P.
R. China

‘Biomedical Engineering Department, Faculty
Engineering, Damascus University, Damascus, Syria

of Mechanical and Electrical

20906 | RSC Adv, 2022, 12, 20906-20918

watery contaminants.®* The other limitation is that germs could
easily grow on the cotton and transmit to humans and cause
sickness or even death.>®

Fabrication of cotton that overcame all the limitations
mentioned above would be a favourable material in various
fields. Therefore, industrial and academic scientists have
focused on endowing different cotton functions through fabri-
cating and developing a versatile, low-cost, and simple prepa-
ration technology of multifunctional materials that are of great
value and serve customers in other areas,” such as self-cleaning,
water repellent,® antibacterial,” anti-fogging, antifouling, anti-
corrosion,' oil/water separation'* and other applications. In
order to fabricate cotton fabrics with multiple functions, many
methods have been adopted, such as plasma treatments, phase
separation, electrospinning methods, chemical etching, etc.*
However, these methods have disadvantages, such as costly
machines, time-consuming processes, harsh conditions,
complex processes, and low commercial availability.”
Currently, there are innovative strategies aiming to meet
different requirements to change the surface properties of the
fabric, such as oxidation, acetylation, sulfation, amino grafting,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A) Hydrolysis of 3-amino propyltriethoxy silane (APTES) in the presence of glacial acetic acid (GAA) at PH = 4, (B). The chemical

structure of pristine cotton and grafted cotton.

etc.** Aminoalkylsilane grafting is an easy, simple, and efficient
amino grafting reaction called silylation.™ It covalently bonds to
hydroxyl (-OH) groups of pristine cotton, providing stable
grafting (Scheme 1).

3-Aminopropyltrimethoxysilane (APTES) has high reactivity
and is non-toxic, cheap, and commercially available, and is
a simple source of aminoalkylsilane.'® Many studies have re-
ported the fabrication of superhydrophobic, antibacterial, and
flame-resistant cotton fabric, but none of them synthesized
multifunctional cotton providing all these properties. For
instance, Alongi et al'” demonstrated a hybrid phosphorus-
doped silica film grafted cotton surface through sol-gel treat-
ment to improve only thermal and fire stability properties
without evaluating wettability and antibacterial properties.
While Edwards et al.’® and Xu et al.™ reported citric acid and
APTES grafted cotton for antibacterial activity without studying
APTES's impact on wettability or flame resistance properties.
Agrawal et al.® proposed a simple, low-cost, eco-friendly method
that can enhance only the durability of superhydrophobic
antibacterial cotton fabrics by using fluorine-free silane
coupling agents as cross-linkers. However, the limitations of
these studies were not focused on using different concentra-
tions of APTES with varying reactions of time. Moreover, Khalaji
et al.*® reported an inexpensive and simple method to construct
A-g-BNC where aminoalkyl silane was grafted to BNC
membranes and grafted through immersing membranes into
APTES solutions with different concentrations. Hence, the new
member showed great antibacterial activity and accelerated
wound healing.

In this study, to sustain the increasing demands of modern
textile manufacture, multifunctional cotton is synthesized
without using hazardous solvents and by a direct, simple, and

© 2022 The Author(s). Published by the Royal Society of Chemistry

convenient method, using aminoalkylsilane grafting on the
surface of cotton fabric. The present study intends to explore
the relation between different reaction times and concentra-
tions on other properties via grafting APTES to cotton using
different concentrations and reaction times with the suggestion
this method is promising for practical applications. Herein, we
assume that prepared aminoalkylsilane grafted cotton fabric
shows high hydrophobicity, oleophobicity, antibacterial
activity, and good durability with a remarkably enhanced
thermal property.

2. Materials and methods

2.1. Materials

The cotton fabric was obtained from the market, APTES
(CoH,3NO3Si, =99%) was purchased from Sinopharm Chemical
Reagent Co, Ltd (Shanghai, China) and used without further
purification. Staphylococcus aureus ATCC 6538 and Escherichia
coli ATCC 25922 were obtained from American Type Culture
Collection, Manassas, VA, USA.

2.2. Preparation, aminoalkylsilane-grafting, and reaction
optimization
The cotton fabric was accurately washed with soaking in 0.2%
Na,CO; solution at 90 °C for 30 minutes in a beaker, then
washed thoroughly with distilled water until neutralization was
reached. After that, the fabrics were dried in an oven at 60 °C.
Aminoalkylsilane grafting was performed using the
following methodology. Briefly, samples were cut into rectangle
shapes with dimensions 1 cm X 2 em and immersed in 75% (v/
v) ethanol for one hour. Solutions containing different

RSC Adv, 2022, 12, 20906-20918 | 20907
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Table 1 The sample's name reference

Sample's

Sample Reaction time name reference
Pristine cotton — Cco
Pristine cotton with 6% APTES 6 h C1-6

10 h C1-10

18 h C1-18
Pristine cotton with 10% APTES 6 h C2-6

10 h C2-10

18 h C2-18
Pristine cotton with 14% APTES 6 h C3-6

10 h C3-10

18 h C3-18

concentrations of APTES, which were 6%, 10%, and 14% (w/v)
were prepared; the pH of the solution was adjusted to 4.0 +
0.5 using glacial acetic acid (GAA) (99.5%). Cotton fabric was
soaked to the APTES solutions and stirred continuously at room
temperature for 6, 10, and 18 hours for each concentration
(Table 1). Subsequently, the obtained samples were washed
with ethanol and water and kept at 4 °C for further use.*

2.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) (Auto lab elec-
trochemical workstation (PGSTAT302 N, Switzerland)) was used
to detect and quantify the aminoalkylsilane content on the
surface of the cotton. EIS was performed in the frequency range
of 0.1 to 10° Hz. An electrochemical cell with three chambers
inserted the electrodes and sample holder into the solution
(normal saline). The electrodes contain a reference electrode
(AgCl) and an employed electrode (Pt). The ZView® software
(Scribner, Southern Pines, NC) was used to find the linear fit
extrapolating this interception. The following equation was
used to measure the ionic conductivity:

L
b= — — 1
(Ry x A) @
where ionic conductivity is represented 4, sample thickness (L),
bulk resistance of the samples (R},), and A is the contact area of
the samples.”
Tonic strength was calculated using the following equation:

I=— 2

c @)

where I denote ionic strength C; equal to 795 kg mS

mol ™! em ™", and 6 represents the ionic conductivity of the
samples and cotton, respectively.*
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2.4. Characterization

X-ray diffraction (XRD) data of the obtained samples were
measured using a XRD meter (TD-3500 Dandong Tongda
Science and Technology Co, China. Cu Ko, A = 1.5406 A) with 20
values in the range of 0-60°. The infrared spectra were tested
using an FTIR spectrometer (Nicolet 6700, Thermo Fisher, New
Jersey, U.S.A.). The spectra were recorded at the wavenumber
range of 400-4000 cm ™" using the attenuated total reflection
(ATR) technique.” The test was used in 64 scans with 8 cm™"
resolution. The morphologies of samples were observed by
scanning electron microscope (FLEX SEM1000, Hitachi, chuo-
cho, Japan). For SEM, samples were cut and fixed on double
tape, and then covered with a thin film of gold before obser-
vation. An energy dispersive spectrometer (EDS) mapping (Shi-
madzu, Japan) instrument attached to the SEM was used to
measure the surface elemental composition.

An optical contact angle meter measured the contact angles
and surface free energies (OCA15EC, Data physics, Filderstadst,
Germany). In the testing process, double-sided tape attached
the Sample to a glass slide, paved in the form of a plane. The
surface energies of the three samples were calculated based on
the Owens-Wendt-Rabel-Kaelble (OWRK) method using three
different liquids: water, ethylene glycol, and ethanol. The
surface tension of those liquids is given in Table 2.>*** The
contact angle was obtained 15 s after placing the droplets on the
fabric surface.”

2.5. Thermogravimetric analysis

The thermal stability was investigated using a thermogravi-
metric analyzer (TGA) (TGA 4000, PerkinElmer, New Jersey,
USA). Sample masses of ~10 mg were heated at 30-700 °C at
a heating rate of 10 °C min~' under nitrogen flow (20
mL min™ ).

2.6. Vertical burning test

The samples' flame retardancy properties were explored using
a vertical fabric flammability test (GB/T 5455). The Sample's cut
edge (300 mm x 80 mm) is pendent in an enclosed chamber
and exposed to a controlled methane flame for 5 seconds. The
test was repeated 5 times to get reproducible data, and after
flame exposure, three parameters were recorded.>®

2.7. Oil/water separation test

The device was assembled by holding-prepared samples
between a glass beaker and funnel to evaluate the oil/water
separation process. Volume measurements demonstrated the

Table 2 Properties of liquids solution for surface energy measurement of samples

Surface tension

Polar component Dispersion component

Liquid type (mN m™) (mNm™") (mN m™)
Water 72.10 52.20 19.90
Ethylene glycol 48.00 29.00 19.00
Ethanol 22.10 4.60 17.50
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oil separation efficiency where a certain amount of oil was
poured into water in a beaker. Afterward, the oil/water mixture
was poured onto the surface of the samples, and then oil was in
filter samples. Separation efficiency (S) was evaluated using the
following equation:

S =(C, — Cyp)/Cy x 100% 3)

where C, is the water content in the oil/water mixture, and Cy, is
the collected oil after separation.>”

2.8. Antibacterial activity

The direct contact method suggested by (ISO20743-2007) was
used to evaluate the antibacterial activity of the amino-
alkylsilane grafted cotton compared to pristine cotton. E. coli
(Gram-negative) and S. aureus (Gram-positive) were used, as
reported by Shahriari et al.?® Briefly, a bacterial inoculum of 0.2
mlL, approximately 1 x 10°> to 3 x 10° CFU mL ' of each
bacteria, was directly contacted with the sterile pieces of cotton
and aminoalkylsilane grafted cotton separately then incubated

A. 3500 - 1500

B. 35007 =
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at 37 °C. Following 24 h of incubation, a soya casein digest
lecithin polysorbate (SCDLP) medium was used to wash out the
bacterial cells under the vortex. The SCDLP medium contained
casein peptone, soy peptone, potassium dihydrogen phosphate,
sodium chloride, glucose, polysorbate 80, and lecithin in the
amountof17gL ', 3gL ", 25¢gL ,5¢L ", 25¢L ", 7gL},
and 1 g L™'; subsequently, the pH was adjusted to 7.2 + 0.3
using sodium hydroxide. The viable bacterial cells of both E. coli
and S. aureus were diluted and spread on the soled agar plate to
count the colonies. Each sample had three replications, tech-
nically and biologically. The antibacterial mechanism of cotton
and synthesized materials was investigated by observing the
bacteria via SEM. Briefly, bacterial culture of 0.1 mL containing
approximately 10° CFU mL~" was directly contacted with
a sterile piece of cotton and aminoalkylsilane grafted cotton,
followed by incubation at 37 °C for 24 h. Subsequently, the
bacterial cells were fixed on the surface of the materials using
1 mL of 2.5% glutaraldehyde and incubated for 4 h with light
protection. Then, normal saline was used to wash the materials
three times, and ethanol gradients of 25%, 50%, 75%, 90%, and

3000 4 3000
pr| 1000
£ £
25004 = 2500 o T:
i 500 500 v 1
2000 4 s 2000 4 ey
E aad E 3
L ] M‘
N 1500 - } £ 000 o0 N 1500 7 ™ - i
z'lohm Z'/lohm
1000 4 1000 -
500 4 vy 500 o
o T T T L} T 1 T T T T 1
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Z'/ohm 2'/ohm
C. 3500 - e e CO
= 6h
3000 s 10h
19 v—18h
E
25004 $
' .
£ 2000
=',4 1500 ~ °% 500 1000 1500
Z'lohm
1000 4
500 - AT S ™ Ly
0 T : L] T T L] 1
0 500 1000 1500 2000 2500 3000 3500
Z'/lohm

Fig.1 Electrochemical impedance spectra (EIS) of pristine cotton and aminoalkylsilane grafted cotton with different reaction times and APTES

concentrations of (A) 6%. (B) 10%. (C) 14%.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 20906-20918 | 20909


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03214g

Open Access Article. Published on 21 July 2022. Downloaded on 3/20/2026 6:54:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

100% were employed to dehydrate the materials. Each ethanol
concentration was contacted with the samples for 15 min.
Ethanol was replaced with tertiary butanol and incubated for
another 20 min, followed by freeze-drying. The bacteria on each
Sample's surface were observed using SEM (FEI Quanta FEG
250).

3. Results and discussion

3.1. Electrochemical characterization

Electrochemical Impedance Spectroscopy (EIS) for pristine
cotton and aminoalkylsilane grafted cotton has been conducted
in case to evaluate the effect of different APTES concentrations
and reaction times on aminoalkylsilane grafting content. The
obtained data from using ZView® software is most frequently
plotted by the Nyquist plot (—Z” ws Z') to express ionic
conductivity and ionic strength calculation, as seen in Fig. 1.*°
Table 3 reveals the importance of APTES concentration and
reaction time on aminoalkylsilane grafted cotton. The
successfully grafting of aminoalkylsilane for all samples was
seen because their higher ionic conductivity than pristine
cotton (0.72 mS cm ™' corresponding to bulk resistance of 1838

Table 3 Bulk resistance, ionic conductivity, and ionic strength of
pristine cotton and aminoalkylsilane grafted cotton with different
reaction times and APTES concentration

Bulk resistance Ionic conductivity Ionic strength

View Article Online
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Q cm?) was remarkably increased after increased reaction time.
After 6 hours of reaction time the ionic conductivity was 2.64
mS cm ™', 4.07 mS cm ™', 6.28 mS cm ™! corresponding to bulk
resistance 1038 Q cm?, 650 Q cm?, 608 Q cm? and ionic strength
0.0156 mol kg™ ", 0.0243 mol kg™, 0.0338 mol kg " for C1-6, C2-
6, C3-6, respectively. These results agreed with the discussion
above.

Moreover, it was clear that using the same concentration of
APTES ionic conduction was enhanced by increasing the reac-
tion time till 10 h. Still, with reach reaction time up to 18 hours,
there was a significant decline in ionic conductivity, bulk
resistance, and ionic strength values, respectively, as listed in
Table 3. Interestingly, the graft of aminoalkylsilane was effec-
tively increased with increasing APTES concentration in each
time point. That proves that the APTES concentration and
reaction time play a significant role in the aminoalkylsilane
grafting reaction. It is well-known that the highest electronic
and ionic conduction during cycling were registered at 10 hours
of reaction time for all APTES concentrations, which were 2.96,
5.93, and 7.35 mS cm™* for 1000, 605, and 578 Q cm? bulk
resistance for C1-10, C2-10, and C3-10, respectively. APTES
grafted cotton was further prepared using 18% APTES for 10 h
reaction time (C3-10) to achieve superior ionic conductivity.

3.2. Chemical structure analysis

The chemical structure of pristine cotton and aminoalkylsilane
grafted cotton were studied via FTIR spectra (4000-400 cm™ '),
as shown in Fig. 2(A). It was observed that several strong peaks
for pure cotton had been illustrated at 3335 cm™*, 2900 cm ™,
and 1105 cm ™! represented ~OH, C-H, and C-O-C glycosidic
bond, respectively.*

Furthermore, the peaks related to aminoalkylsilane grafted
were seen at 1601 cm ™ * and 1479 cm ™}, which attributed to the
amine (NH,) bond deformation and the CH, deformation
vibration, respectively.*® Meanwhile, peaks at 1566 cm
1484 cm™ " correspond to the NH; deformation due to hydrogen
bonding. At the same time, peaks at 1387 cm ™' correspond to
symmetric deformation of the CH; groups. A new peak at

am @10 @11)

(001)

Intensity (a.u)

Material (ohm) (mS ecm™1) (mol kg™
Co 1838 0.72 0.0008
C1-6 1038 2.64 0.0156
C1-10 1000 2.96 0.0176
C1-18 1059 2.31 0.0134
C2-6 650 4.07 0.0243
C2-10 605 5.93 0.0321
C2-18 875 4.65 0.0297
C3-6 608 6.18 0.0338
C3-10 578 7.35 0.0414
C3-18 613 6.03 0.0254
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Fig. 2 A) FTIR spectra of pristine cotton and aminoalkylsilane grafted cotton with different reaction times. (B) XRD diffraction test for pristine

cotton and aminoalkylsilane grafted cotton.
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1636 cm™ " was observed and represented corresponds to C=C
bond. APTES treated cotton's chemical structure observed the
similarity between pristine cotton and aminoalkylsilane grafted
cotton."” In addition, the peak for the primary amino group
(NH,), which is present in aminoalkylsilane, was shown at
1560 cm ™. Peaks at 1200 cm ™ '~1100 cm ™~ have been reported
to Si-O-Si and Si-O-, respectively. Thus, the strong peaks arise
from cotton's C-O-C vibrations.*

Fig. 2(B) shows the XRD patterns of pristine cotton and
aminoalkylsilane grafted cotton (14%) at 6 hours, 10 hours,
and18 hours. Notably, it was clear that are peaks for all curves
are very close to each other. Diffraction peaks at 16.75°, 21°, and
34.89° were indexed to 111, 110, 311, respectively. Moreover, the
XRD result revealed a peak cantering at 22° of 26 was observed
corresponding to silica at APTES. In addition, another diffrac-
tion peak at 5.71° for Sample C3-10 has been strongly seen,
which was corresponded to (001), which is attributed to the

Pristine cotton

6h

43.79%

10h

45.67%

Fig. 3
pristine cotton and C3 with variation reaction time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intercalation of APTES. However, upon comparing the diffrac-
tion patterns curves of aminoalkylsilane grafting cotton, they
showed a slight decrease in peak intensity.*?

3.3. Surface morphology analysis

The scanning electron microscopy images for pristine cotton
and aminoalkylsilane grafted cotton with different concentra-
tions were illustrated in Fig. 3(A). Pristine cotton fabric visually
has a smooth microscopic surface with characteristic parallel
ridges and grooves composed of winding and thin cotton fibres,
as shown in Fig. 3(A(a)). It is worth noticing that after the
modification of cotton with APTES, the surface has changed
dramatically, and there are different features on the surface.
The surface of the aminoalkylsilane grafted cotton showed
a striped and more distinct microfibrillar structure (twisted and
wrinkled surfaces), which could enhance the roughness of the
surfaces, indicating that the cotton is chemically bonded with

Silicon
0.00%

Oxygen

45.99%

17.17%

20.12%

18.21%

36.09%

36.26%

(A). SEM (a) pristine cotton. (b) C1-6. (c) C1-10. (d) C1-18. (e) C2-6. (f) C2-10. (g) C2-18. (h) C3-6. (i) C3-10. (j C3-18 (B) EDS mapping of
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Table 4 Surface free energy of pristine cotton and aminoalkylsilane
grafted cotton

Contact angle (°)

Ethylene Surface energy

Materials Water glycol Ethanol (mNm™")
Cco — — —

C1-6 118.32 68.78 32.32 52.67
C1-10 132.80 89.34 34.18 48.95
C1-18 125.72 77.94 30.14 50.38
C2-6 127.45 80.45 35.67 47.94
C2-10 141.45 104 37.89 43.68
C2-18 134.78 88.18 35.89 46.45
C3-6 136.83 99.13 38.90 44.32
C3-10 155.52 117.53 42.13 38.55
C3-18 139.67 98.23 40.13 43.78

the aminoalkylsilane grafted, which is well coupled with the low
surface energy of aminoalkylsilane grafted to display super-
hydrophobic material.**

™\
e
! N\
Tea  Coffee Milk ter

Fig. 4
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However, when the concentration of APTES increased from
6% to 10%, the surface of cotton became rougher. Hence, the
structure of the cotton fiber is partially destroyed, which
promotes the adsorption and permeation inside the fibre. It was
observed that surface roughness increased with up to 10% filler
loading, as seen in Fig. 3(A(c, f and i)) but remarkably decreased
at 18%, as seen in Fig. 3(A(d, g and j)), resulting in lower
hydrophobicity.

Investigating surface elements is an important technique to
demonstrate the surface chemical composition changes
directly. EDS's elemental mapping scanning mode is a qualita-
tive analysis used to examine the chemical composition, and
the results are shown in Fig. 3(B). It was observed that there are
only C and O elements in the pristine cotton. At the same time,
it is noteworthy that aminoalkylsilane grafted cotton shows the
presence of Si elements besides C and O, respectively, as re-
ported in figure. EDS mapping results indicating silicon
elements were 0%, 17.17%, 20.12% and 18.21% for C0, C3-6,
C3-10, and C3-18, respectively. This finding proved that SI the

180 -

.

~ 160 -

)

E 0,90

=)

s 136.83 n
w @

g 132.8

2 n 127.45

8

= 120 118.32

2

©

=

Cc1-6 C26 C36 C1-10 C210 C3-10 C1-18 C2-18 C3-18
Samples

(A) (a) Digital images of liquid drops on aminoalkylsilane grafted cotton, (b) water contact angles of aminoalkylsilane grafted cotton. (B)

The self-cleaning process of superhydrophobic surfaces with low surface energy.
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element was introduced into cellulose, consistent with the
results obtained from FTIR and XRD.

3.4. Wettability properties analysis

The surface wettability property is closely related to the surface
chemical composition. The pristine cotton confirmed the super
hydrophilic property, which could adsorb various water-based
droplets. At the same time, the grafted cotton with different
ratios of APTES could be repelled by these liquids and form
a completely round shape, as seen in Fig. 3(A(a)). This behaviour
indicates that aminoalkylsilane grafted has excellent super-
hydrophobicity properties. The interface phenomena confirm
that aminoalkylsilane grafted is hydrophobic and super oleo-
philic, appropriate for separating the oil/water mixture.

It was observed from Table 4 and Fig. 3(A(b)) that samples
registered the highest water contact angle with different
concentrations at reaction time 10 hours was 132.8°, 141.45°,
155.52° for C1-10, C2-10, C3-10, followed by grafted samples
with reaction time 18 hours and 6 hours, respectively. This
behaviour was confirmed with SEM and chemical analysis; the
hierarchical structures were formed to enhance the roughness
further. However, the roughness becomes less while reaching
18 hours, causing a decline in the water contact angles, as seen
in figure. It is worth noting that using the same reaction time
with different concentrations for all grafted samples increased
the water contact angles with further APTES ratio and enhanced
surface roughness. These consequences indicated that the
optimal concentration for preparing aminoalkylsilane grafted
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cotton based on proper reaction time was in the range of 10
hours. The surface energies of cotton treated with different
concentrations of APTES, their measured water contact angles,
ethylene glycol, and ethanol is calculated and presented in
Table 2. Aminoalkylsilane grafted showed very low surface
energy below 52 mN m ™. This was close to the surface energy of
oils (20-30 mN m™ ') and far below that of water (72 mN m '),
contributing to the fabric superhydrophobicity, with a water
contact angle up to 118°. Therefore, oil droplets displaced water
droplets, while water repelled outside the surface due to having
high contact angles, which are substantially spherical in shape,
and a high energy barrier.***

The self-cleaning ability of hydrophobic materials is one of
the essential properties for their real application. This study
used coffee as a contamination material to evaluate the grafted
cotton fabric's self-cleaning performance, as seen in Fig. 4(B).
Aminoalkylsilane grafted cotton fabric with a high static contact
angle showed a high self-cleaning ability where coffee was
removed and cleaned by rinsing with water. Similar findings
have also been reported recently in the literature.**® Conversely,
coffee could not be carried out by water where it was wetted and
adhered to the surface of pristine cotton.

3.5. Oil-water separation

The hydrophobic behaviour of aminoalkylsilane grafted cotton,
as mentioned above, could extend its practical application to
remove oil from oily wastewater mixtures.”” The separation
performance of grafted cotton with APTES was studied, where it

C3-6
[ c3-10
[c3-18

9?_.1 1

93.77

93.33

92.66

91.55

Oil

chloroform Dichloromethane

(A) Applications in oil/water separation. (a) Oil-water Separation with grafted cotton fabric using a mixture of water (dyed blue) and

soybean oil (dyed red) was poured into the separating facility. (B)The separation efficiency of different kinds of oil/water mixtures.
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Fig. 6 TGA curves of pristine cotton and aminoalkylsilane grafted cotton at different reaction times (A) 6%. (B) 10%. (C) 14%.

could separate the oil-organic liquid and water from their
mixture by gravitation.>*** As shown in Fig. 5(A)(a) sequence of
mixtures, including toluene/water, dichloromethane/water, and
chloroform/water, were prepared in this study. Hence, Grafted
cotton fabric with high hydrophobicity was firmed between the
funnel and conical flask, as shown in Fig. 5. A mixture with
50 mL water and 50 mL soybean oil was chosen as the samples
and trickled into the separation device. A liquid mixture con-
taining water and soybean oil was dyed with methyl blue and
Sudan III*° The phenomenon of oil-water separation was
amazingly observed. Due to the superoleophobicity and hydro-
phobicity of the grafted cotton fabric, water was repelled while
oil quickly penetrated through the fabric.

Moreover, the highest oil separation was registered for
samples with a reaction time of up to 10 hours, followed by 18
and 6 hours. As exhibited in Fig. 5(B), the highest separation
efficiencies noted by sample C3-10 for toluene, chloroform,
dichloromethane, and oil with expected values were 95.66%,
95.11%, 93.33%, 94.22%, respectively.

3.6. Thermal properties

The thermal stability of cotton before and after grafting was
investigated using thermal gravity analysis under nitrogen
atmosphere (TGA). The typical curves of pristine cotton and its
graft are plotted in Fig. 6. Some essential data from TGA, such
as Tonset degradation temperature, maximum-rate degradation

Table 5 TGA results of pristine cotton and aminoalkylsilane grafted
cotton with different reaction times

temperature (Tpax), and char residual amount at 500 °C and
600 °C, are listed in Table 5. The low weight loss was noticed
under 150 °C, which was caused by the evaporation of the
moister inside fabric. Fig. 6(A-C) shows that only two steps
register the thermal degradation of pristine cotton under
nitrogen conditions. It started to decompose at a registered
degree 340 °C, involving the decomposition of the glycosyl units
to char and depolymerizing of such units to volatile species at
a higher temperature.*’

There is only char residue at 500 °C (29.07%), while at 600 °C
(0%), there is no char residue.** While the presence of APTES
displays an essential role in enhancing thermal stability; as
demonstrated in Fig. 6(C), it was noticed that Tonset degrada-
tion temperature increased gradually compared with pristine
cotton, which was 369.81 °C, 389.12 °C, 341.90 °C, 340 °C for C3-
6, C3-10, C3-18, and CO, respectively. After the decomposition
process, it is evident that there was far more char residual left of
the grafted cotton measured at 600 °C than of pristine cotton,
where the retained residues were 16.14%,31.12%, 13.34%, 0%
for C3-6, C3-10, C3-18, and CO, respectively. Moreover, it was
observed that with using the different concentration with
respect time the temperature T2 increase as we can see from
Table 5 samples follow the trend: C3-18 > C2-18 > C1-18.

These results indicated that aminoalkylsilane could change
the pyrolytic process of the cotton fibers to form char efficiently.
Aminoalkylsilane grafted cotton showed increased thermal

Table 6 Collected data of pristine cotton and aminoalkylsilane grafted
cotton after flame test

After flame time Afterglow time Char length

Material Tonset T1 T2 R500 R600  Material (s) (s) (mm)
Co 340 416.37 — 29.07 — Co 15 12 0

C1-6 364.06 404.74 597 20.31 5.19 C1-6 0 0 13.50
C1-10 360.13 422.78 — 31.89 15.99 C1-10 0 0 8.50
C1-18 342.71 388.54 607 23.34 6.15 C1-18 0 0 12.40
C2-6 367.12 406.90 611.71 22.67 6.11 C2-6 0 0 11.80
C2-10 385.31 436.22 — 33.45 28.13 C2-10 0 0 7.30
C2-18 350.13 394.34 609.34 23.88 712  C2-18 0 0 11.40
C3-6 369.81 426.27 625.67 24.08 16.14 C3-6 0 0 10

C3-10 389.12 455 — 38.90 31.12 C3-10 0 0 5.50
C3-18 341.90 388.56 623 30.52 13.34 C3-18 0 0 9.80
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stability by shifting T2 to higher temperatures, as shown in
Table 4. This could be explained by thermal insulation done by
silica, where the silica can behave as a physical, thermal barrier.

3.7. Flame retardancy

A vertical burning test examined the flame retardancy of the
pristine cotton and aminoalkylsilane grafted in terms of flam-
mability. The flammability data such as after flame, afterglow,
and char length are listed in Table 6. It was observed that
pristine cotton ignited immediately and burned out with 22 s,
and there was only ash formed. While the aminoalkylsilane
grafted cotton after 12 s of ignition showed narrow chars at the
bottom of cotton samples with different char lengths as listed in
Table 6 and shown in Fig. 7.

The results of the vertical flammability test are demonstrated
in Fig. 7. It can be seen that char lengths of aminoalkylsilane
grafted cotton become less with the increase in the concentra-
tion of APTES concerning time (6 hours). For instance, the
samples follow the C3-6 < C2-6 < C1-6. While, char lengths of
aminoalkylsilane grafted cotton decrease with the increased
reaction time up to 10 hours for the same concentration then
increase when reaching a reaction time 18 hours. Moreover, at
a reaction time 10 hours using the same APTES concentration,
the char length was less than other samples where char length
was 8.5 mm, 7.3 mm, 5.5 mm for C1-10, C2-10, C3-10, respec-
tively. It was observed that aminoalkylsilane grafted cotton
reduces the burning time and protects samples from flame.
This behaviour is explained due to the presence of silica
element inside APTES, which acts as a protection against fire.

3.8. Antibacterial activity

The antibacterial activities of pristine cotton and amino-
alkylsilane grafted cotton against E. coli and S. aureus were eval-
uated using the direct contact method. The results indicated that
the antibacterial activity of the aminoalkylsilane grafted cotton is
impressively improved compared to pristine cotton, which is
attributed to aminoalkylsilane on the surface of synthesized
materials. The antibacterial activity against both bacterial strains
was significantly enhanced compared to pristine cotton (higher
than 5 log values). The result indicated that antibacterial activity
was enhanced following APTES concentration enhancement.

The pristine cotton and aminoalkane saline grafted cotton
surface was observed after 24 h of direct contact with E. coli and S.
aureus. The bacteria on the surface of pristine cotton indicated
a smooth wall without any damage. However, the bacteria on the
aminoalkanesaline grafted cotton surface had damaged the cell
wall. Additionally, all the aminoalkane saline grafted cotton indi-
cated antibacterial activity by cell wall damage. Aminoalkylsilane
grafted cotton also inhibited the growth of the bacteria, as it can be
seen that a greater number of the bacteria is present on the pris-
tine cotton than aminoalkane saline grafted cotton (Fig. 8B).

4. Conclusion

In this work, we report a versatile approach has been developed
to design a successful fabrication of multifunctional fabrics

20916 | RSC Adv, 2022, 12, 20906-20918
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through the chemical grafting of aminoalkylsilane. Electro-
chemical impedance spectroscopy (EIS) confirmed the correla-
tion between reaction time and APTES concentration. FTIR and
XRD analysis indicated the successful grafting of APTES on the
cotton surface. SEM morphological analysis revealed that
APTES enhances the surface roughness of cotton surfaces. The
result indicated that 10 hours of reaction time with the APTES
concentrations of 14% provide the highest aminoalkylsilane
grafting on cotton's surface. The obtained aminoalkylsilane
grafted cotton showed high hydrophobicity with a water contact
angle of more than 115° for all samples, while the highest water
contact angle with different concentrations, registered at
a reaction time of 10 hours, was more than 130°; besides, it
showed enhancement of the self-cleaning ability. The amino-
alkylsilane grafted cotton selectively extracted oil from different
types of oil/water mixtures with high separation efficiency
(>90%). It also provided impressive antibacterial activity by
damaging both E. coli and S. aureus cell walls. This study reports
an environmentally friendly, cost-effective strategy that could
display tremendous potential for large-scale production.
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