Chemical Papers (2020) 74:1407-1416
https://doi.org/10.1007/511696-019-00961-0

ORIGINAL PAPER q

Check for
updates

Synthesis of cleavable silicone surfactant for water-repellent
application

Rohan S. Mestri' - Amit P. Pratap'® - Khushboo H. Panchal? - Komal Gamot? - Kirti A. Datir’

Received: 19 May 2019 / Accepted: 12 October 2019 / Published online: 14 November 2019
© Institute of Chemistry, Slovak Academy of Sciences 2019

Abstract

Polymeric silicone-based surfactants were prepared by the reaction of polyethylene glycol, maleic anhydride, polydimethyl-
siloxane, silicone oil, titanium isopropoxide, and sodium hydrogen sulfite. These surfactants showed water-repellent proper-
ties when cleaved by different buffer solutions. The synergetic effect of silicone oil-based surfactants and siloxane-based
surfactants was studied using different characterization techniques for the surfactants. The hydrophobic properties of cleaved
silicone-based surfactants were studied by measuring the contact angle measurement. The polymeric silicone surfactants
are stable in nature. The structures of various stages of reaction were confirmed by thin-layer chromatography, Fourier-
transform infrared spectroscopy, ultraviolet spectra, and nuclear magnetic resonance analysis. The surface-active properties
of surfactants like surface tension and critical micelle concentration as well as foaming and wetting characteristics were also
studied. This water-soluble surfactant had low foaming properties and can be used in textile, agriculture, petroleum and paint
industries. The cleaved form of silicone surfactant was used for water-repellent application in textile and paint industries.
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Abbreviations Introduction

PEG Polyethylene glycol

MA Maleic anhydride Surfactants are compounds that lower the surface tension or
PDMS Polydimethylsiloxane interfacial tension between two liquids, between a gas and
CDCl, Deuterated chloroform a liquid, or between a liquid and a solid. It is an essential
TLC Thin layer chromatography part of the polymerization of an emulsion even though used
FTIR Fourier-transform infrared spectroscopy in low quantity. Surfactants may act as detergents, wetting
'"HNMR Proton nuclear magnetic resonance agents, emulsifiers, foaming agents, and dispersants. A sur-
SFT Surface tension factant has distinguished molecular structure comprising
CMC Critical micelle concentration of hydrophilic part or a polar portion and a hydrophobic
LABSA Linear alkyl benzene sulphonic acid end making them amphiphilic (Attood et al. 1983; Rosen

1978). Generally, the surfactants are stable species, but, in

few cases due to their intact nature, it becomes difficult to

manipulate them. To overcome this difficulty, various meth-

. . . . . ods have been used to discover a cleavable surfactant. Sili-
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The silicone surfactants are a group of small molecules

and polymeric surfactants, which comprises of a methylated

siloxane unit which is linked to one or more polar groups
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organic-based traditional surfactants (Petroff and Snow
2012). The other benefit of using a silicone surfactant is
that there are various synthetic routes available to produce
different structural forms (Hill 1997). And, these differ-
ent structural forms are also useful in various applications.
There are four types of molecular structures of silicone sur-
factants which include rake type copolymers (also known
as graft copolymer or comb copolymers), ABA copolymers
(B-silicone portion), trisiloxane surfactants and cyclosilox-
ane surfactants (Alzobaidi et al. 2018; Hill 1999) as shown
in Fig. 1.

Silicone surfactants have a wide range of applications
due to their high surface activity and silicon caters favora-
ble performance. They exhibit oleophobic and hydrophobic
characteristics as they are soluble in water and organic sol-
vents, thereby decreasing their surface tension. Some basic
properties like emulsification, phase behavior, wetting, and
foaming are applicable in plastic foam manufacturing as wet-
ting agents and spreading agents, and in cosmetics (Jaeger
and Golich 1987). Also, silicone surfactant has unique prop-
erties like structural flexibility and ability to reduce surface
tension in aqueous as well as nonaqueous system (Aramaki
et al. 2019). Hence it can be easy to embed new molecule in
surfactant structure.

A surfactant with the weak bond when purposefully
inserted into the structure and usually positioned between
the polar head (hydrophilic part) and the hydrophobic end
is known as a cleavable surfactant (Wang et al. 1993). Such
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Fig. 1 Types of silicone surfactants
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a cleavable surfactant can be degraded chemically into new
surface-active species or non-surface active compounds
having different properties. This can be done using acid,
alkali, ultra violet light, and heat, without disturbing their
natural functions (Jaeger 1995; Akamatsu et al. 2019).
Nowadays, the degradation property of acid and alkali
labile surfactants is controlled by adjusting the pH of the
solution. The acid-labile surfactants are generally synthe-
sized by the bonds of significant value like cyclic acrylic
acetals, ketals, and orthoesters, in contrast, the ester bonds
are present in the alkali labile surfactants (Yue et al. 1996;
Hill 2002). The aldehydes and polyethylene glycol are con-
densed to form noncyclic acetal-lined cleavable surfactants.
Such surfactants in acidic pH breakdown into non-surface
active compounds because of the acid-sensitive acetal bonds
present between the hydrophobic and hydrophilic portion
whereas in alkaline or neutral pH they are steady and exhibit
surface-active characteristics (Akamatsu et al. 2019).
Cleavable surfactant-containing silicon—oxygen bonds
which are affected by both acid and alkaline hydrolysis has
been developed by Hellberg (2002) and Jaeger and Golich
(1987). In the current study, cleavable silicon surfactants
were prepared by reacting polyester with silicon oil and a
polysiloxane. The cleavage properties of the surfactant were
tested at variable pH values. The cleavage structure of the
surfactant was analyzed by UV, FTIR and surface proper-
ties like surface tension, foaming, wetting, contact angle,
interfacial tension, CMC were studied. The cleaved form
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of surfactant can be used for water-repellent application in
paint as well as on textile fabrics. The water-repellant appli-
cation was observed my contact angle measurement between
fabric or painted material and water (Jaeger 1995; Akamatsu
et al. 2019; Lin and Chen 2006).

Materials and methods
Materials

Polyethylene glycol (PEG), maleic anhydride (MA), chlo-
roform, methanol, sodium hydroxide, and sodium hydrogen
sulfite were purchased from M/s LOBA Chemicals Pvt Ltd,
Mumbai. Titanium isopropoxide and polydimethylsiloxane
(PDMS) were obtained from M/s Sigma Aldrich Pvt. Ltd.
Mumbiai. Silicone oil and potassium bromide were procured
from M/s Molychem Pvt. Ltd. Mumbai. Potassium hydrogen
phthalate, boric acid, sodium sulfate, acetic anhydride were
taken from M/s Thomas Baker Pvt Ltd. Mumbai. Deuterated

chloroform (CDCl;) and potassium chloride were purchased
from M/s SD Fine Pvt. Ltd. Linear Alkyl Benzene Sulphonic
Acid (LABSA) was obtained from M/s Godrej Industries
Ltd. Mumbai as a gift sample.

Methods
Synthesis of silicon surfactant

The silicon surfactants were prepared sequentially in three
steps: (1) esterification of polymer, (2) conversion of polyes-
ter to polysiloxane, (3) sulphonation of polysiloxane (Fig. 2).
All the steps were monitored by TLC, FTIR and the struc-
tures were confirmed by NMR Spectra.

The water-soluble polyester was prepared by polymeri-
zation of 2 mol polyethylene glycol (PEG) and 1 mol of
maleic anhydride (MA) in the presence of (0.4%) titanium
isopropoxide in a round bottom flask. A four-necked round
bottom flask fitted with a Dean-stark assembly along with
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a condenser, overhead stirrer, temperature sensor, and a gas
sparger. The reaction temperature was maintained in the
range 160-180 °C and continuously stirred at 250 rpm for
7-8 h in presence of nitrogen gas. The reaction was moni-
tored by calculating acid value after every 30 min and also
from the amount of water separated in dean stark (Sunda-
rarajan et al. 2018). The polyester was treated with sodium
sulfate for removing traces of moisture if any.

Two mole of polyester which was formed by PEG and
MA was reacted with 1 mol of polydimethylsiloxane
(PDMS) or silicone oil or a mixture of silicone oil and
PDMS in the presence of titanium isopropoxide as a cata-
lyst in presence of nitrogen gas with continuous stirring at
250 rpm and at 100-120 °C for 3-5 h. The reaction was
carried out in 4-necked round bottom flask with a reflux con-
denser. The formed polysiloxane was passed through sodium
sulfate for removing a trace amount of moisture. Sodium
hydrogen sulfite was treated with polysiloxane at 90-100 °C
with continuous stirring at 250 rpm for 8—13 h with nitrogen
purging for the formation of surfactants.

Hydrolysis of surfactant

The prepared surfactants were hydrolyzed in different buffer
solutions of pH 4, 7 and 9 with+0.01 standard deviation
(SD) and kept at 20 °C for 2 h. The buffer solutions were
prepared using various salts namely NaOH, potassium
hydrogen phthalate, boric acid, potassium hydrogen phos-
phate, and potassium chloride. Hydrolyzed solutions were
used for studying different properties. The structural changes
in silicone surfactants with different pH solutions were ana-
lyzed by UV spectrometer and FTIR.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis of each stage of reaction and hydrolyzed
product of silicone surfactants was carried out using FTIR
IR affinity]l Miracle 10 (Make Shimadzu) using potassium
bromide between the wavelength range of 400-4000 cm™!.

UV spectrophotography of hydrolysed surfactants

The hydrolyzed surfactants were observed under UV spectra
(Shimadzu 01555) at various pH values of 4, 7 and 9 at 0.1%
concentration (W/v).

Thin-layer chromatography (TLC)

Thin-layer chromatography of each stage of polymeric reac-
tion was performed on silica gel aluminum-coated sheets
(Make: M/s Sigma Aldrich 60F 254), as a stationary phase.
This silica gel was activated by heating at 100 °C for 2 h
before use. A TLC protocol for this system was developed

@ Springer

using chloroform: methanol (90:10 v/v) and 0.1 ml glacial
acetic acid as the mobile phase. Synthesized surfactants
were run from the solvent baseline towards the solvent front
with the help of this mobile phase. The spots on the station-
ary phase were visible after treating in iodine chamber. The
change in Rf values was observed on TLC plates.

Nuclear magnetic resonance (NMR)

The chemical structure of each step of synthesis was con-
firmed by 'H NMR Spectrometer in the CDCl; (1:1, v/v) as
a solvent. This analysis was performed on Agilent 600 MHz
NMR.

Surface-active properties (SFT and CMC)

The surface-active properties of the surfactant were meas-
ured by Tensiometer (Kyowa K10). The surface tension of
synthesized surfactants was analyzed in a 1% solution of
surfactants, distilled water as well as in buffer solutions of
different pH values 4, 7 and 9 with+0.01 SD. The buffer
solutions containing surfactants were kept for 2 h at 20 °C
for hydrolysis. The surface tension was measured after
hydrolysis.

The critical micelle concentration of the surfactant was
determined by dissolving it in distilled water. The minimum
concentration of the surfactant that was needed to reach
CMC was evaluated (Andrade et al. 2018).

Foaming

Foaming was measured using Ross Mile’s instrument. 1%
solution of surfactant was prepared of which 50 cm?® solution
was poured in the Ross Mile’s tube and 200 cm?® solution
was taken in the pipette and then poured from a height of
100 cm into the tube. The foam height and foam stability of
the surfactant were observed.

Wetting

Wetting was performed using cotton fabrics in a 1% solution
of surfactant. 100 cm? of the solution was taken in a 250 cm?
beaker and a funnel was placed inverted on to the beaker
with cotton fabric attached in its rim. The time for the cloth
to sink was noted.

Water-repellent application of cleaved surfactants
in paints and cotton fabric

The water-repellent properties of surfactants and its cleaved
form for fabric were determined by contact angle measure-
ment between fabric and water. 0.5 g surfactant was hydro-
lyzed in different buffer solutions having volume 100 cm?,
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1 g cotton fabric was placed in a hydrolyzed solution. This
was maintained at 29 °C for 1 h in an incubator shaker at
150 rpm. Then the fabric was removed and dried at 140 °C
in an oven for 15 min. The change contact angle between
treated fabrics and water proved the water-resistance phe-
nomenon. The contact angle for the paint application was
also determined. 1 g of surfactant was dissolved in various
buffer solutions of pH 4, 7 and 9 (+0.01 SD). The tempera-
ture of the solutions was maintained at 20 °C for 2 h. These
cleaved surfactant solutions were mixed with water-based
paint which was obtained from the local market and applied
on a wooden block and metal plate. The applied material
was dried at room temperature for 24 h. The change in con-
tact angle between cleavable surfactant-treated material and
water indicates the change in surface morphology.

Results and discussion

The esterification of polymer in the first step of synthesis
was monitored by determining the acid value of the reaction
after every 30 min. The acid value decreased from 89 to 0.8
in 8 h. (Figure 3).

Acid value vs. Time
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Fig.3 Change in acid value with the progress of reaction

Water was separated from the reaction mass using a dean
stark apparatus. All steps of synthesis were monitored using
TLC and FTIR analysis, while the properties of the sur-
factants were analyzed by tensiometric analysis (SFT and
CMC) and foaming-wetting properties. All steps of synthesis
and analysis are repeated thrice for reproducibility of the
results. Structural analysis was performed using NMR spec-
troscopy. The synthesized surfactant was cleaved in a buffer
solution. This was used for textiles and coating applications
followed by contact angle analysis.

TLC

The progress of each step of the reactions was monitored by
spotting PEG, polyester, polysiloxane and final surfactant on
the TLC plate. The changes in the retention factor (Rf) val-
ues of each component in all steps of the reaction indicated
the progress of reaction (Table 1).

The Rf values of the final product matched with the stand-
ard silicone surfactants. The reaction of PEG 400 and sili-
cone oil gave promising results as compared to PEG 4000.
The Rf value of synthesis surfactants from PEG 400 and
a mixture of silicone oil and PDMS (silicone oil: PDMS
50:50), gave satisfactory separation of bands on the TLC
plate. The Rf values of silicone surfactant with 100% PDMS
and partially mixed with silicone oil were 0.55 and 0.61,
respectively. The Rf values of the final product matched with
the marketed silicone surfactants.

Cleaved surfactants FTIR and UV spectroscopy

The FTIR spectra of the product showed the hydroxyl
group at 3470-3480 cm™!', —C-H stretching at
2860-2870 cm™!, carbonyl group of ester at 1731 cm™!,
C-O stretching of —OH at 1090-1100 cm™' and C=C at
1640-1645 cm™'. In FTIR, the peak at 1036 cm™! indi-
cated the Si—O-Si linkage which confirmed the forma-

tion of polysiloxane intermediate. At 1252 cm™' signified

Table 1 RF values of synthesis
steps w.r.t raw material

Reaction raw material

Retention factor values

PEG Polyester Polysiloxane Surfactants
PEG 400, MA, PDMS 0.74 0.50 0.50 0.60
PEG 400, MA, PDMS and silicone oil 0.73 0.47 0.55 0.61
PEG 400, MA, and silicone oil 0.73 0.47 0.53 0.58
PEG 4000, MA, PDMS 0.59 0.46 0.52 0.52
PEG 4000, MA, PDMS and silicone oil 0.59 0.46 0.51 0.58
PEG 4000, MA, and silicone oil 0.58 0.46 0.55 0.59
Marketed silicone surfactants - - - 0.61

All results are mean of 3 independent experiments with + 0.03 standard deviation

Bold values indicate better results

MA malic anhydride, PDMS polydimethylsiloxane, PEG polyethylene glycol
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Si—CH; linkage. All the peaks obtained indicate the pro-
gress of the reaction and the formation of the surfactant.
The FTIR analysis of surfactant and the cleaved surfactant,
which was obtained by hydrolysis when kept for 2 h in pH
4 buffer solution, showed results as given in Fig. 4a, b.

After the surfactant hydrolysis in acidic conditions, it was
observed that the absorption band at 1150 and 1750 cm™!
disappeared and the cleaved surfactant showed a broad and
strong band at 3200-3600 cm™. This showed that the ester
group of the silicone surfactant was fragmented into the
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Fig.5 UV Spectra of hydrolyzed surfactant in different pH

hydroxyl group (OH) and the carboxylic group (-COOH).
All the FTIR spectra were compared with the previously
reported results by Lin and Chen (2006).

Further, the spectra obtained by UV analysis of sur-
factant and the cleaved surfactant arrived with two bands at
wavelengths 190-220 nm and 220-290 nm, with an abrupt

change at 200 nm which indicated the formation of water-
insoluble groups, PEG 400 or PEG 4000 and Maleic acid
when cleaved in acidic condition (pH 4). The complete
cleavage of the ester bond of silicone surfactant was con-
firmed by UV spectra (Fig. 5). The peak of UV spectra was
stable and identical even after 2 h. It indicated the complete
cleavage of the ester bond drastically after acid hydrolysis of
silicone surfactant. The cleaved surfactant UV spectra were
found to be similar to previously mentioned results by Lin
and Chen (2006).

Surfactant properties

The surface tension of the prepared surfactant solution was
decreased by the addition of surfactant which comprised
of the amphiphilic end. In this study, the polar part of the
surfactant and the non-polar part (silanol) were connected
by weak bonds, which were cleaved into two water-soluble
polar parts and one water-insoluble non-polar part. The sur-
face tension changes with a change in the pH of the sur-
factant solution (Table 2). The hydrolyzed surfactants in
the acidic buffer, which was synthesized with PEG 400 and
PDMS gave better surface tension. At pH 4, SFT was 33.28
mN/m and increased up to 39.4 mN/m for pH 9. The CMC
of PEG400 hydrolyzed surfactant was found to be 3 mg/L.
These surfactant properties were equivalent to commercially
available silicone surfactants having SFT 28.4 mN/m and
CMC 2.1 mg/L. The surface tension of silicone surfactant
was found to be on par with previously mentioned results

Table 2 Surface tension of
silicone surfactants with
different raw material

Synthesis raw material

SFT of PEG 400 surfactants at 0.1%
solution (mn/m)

SFT of PEG 4000 surfactants at 0.1%
solution (mn/m)

Distilled Water pH4 pH7 pH9 Distilled Water pH4 pH7 pH9
PDMS 334 293 385 392 364 299 377 422
Silicone oil 37.2 354 403 413 378 363 389 404
Silicone oil: PDMS (1:1)  35.6 348 408 424 369 358 39.5 438
Silicone oil: PDMS (3:1) 41.8 412 452 459 405 392 426 427

All results are mean of 3 independent experiments with + 1 standard deviation

Bold values indicate better results

SFT surface tension, PEG polyethelene glycol, PDMS polydimethylsiloxane

Table 3 H NMR chemical shift

Step 1 esterification (polyester
data for synthesis of silicone P (poly )

Second step polysiloxane Third step silicone surfactants

surfactants Proton location Chemical shift Proton location Chemical shift Proton location Chemical shift
CH,-O-C 3.63 (m) Si—-CH;, 0.05 (s) Si—-CH;, 0.05 (s)
CH,-O-CO-C=C 4.29 (dd) CH,-0-C 3.66(d) CH,-0-C 3.63(m)
—-CH=CH- 6.26 (s) —-CH,-O0-CO 4.27 (d) —-CH,-O-CO 4.29(m)
CH,~-O-C 345 (s) —CH,-O-CO-  3.77(d) 0-Si-O 3.83(s)
CH,-0-C 3.79 (d) —-CH=CH- 6.27 (s) - -
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«Fig.6 a NMR Spectra of PEG polyester (Ist step of reaction). b
NMR spectra of polysiloxane (second step of reaction). ¢ NMR spec-
tra of silicone surfactant (final step of reaction)

by Akamatsu et al. (2019) (SFT 31 mN/m), Lin and Chen
(2006) (SFT 40 mN/m) and Jaeger (1995) (50 mN/m).

Structural analysis

The structure of all steps of reactions and final silicone sur-
factants was confirmed by "H NMR analysis and the chemi-
cal shifts are represented in Table 3. The chemical shifts
observed in the NMR spectra were in accordance with the
ABA type of silicone surfactants Fig. 6a—c prove a structural
confirmation of all the steps in the reaction. The structure
of the silicone surfactant was compared with the previously
mentioned data by Akamatsu et al. (2019).

Application of cleaved surfactants in paints industry
and textile industry

The treated cotton fabric in different buffer solutions indi-
cated good wetting properties as compared to untreated
cotton fabric. The cotton fabric treated with hydrolyzed
surfactants at pH 4 took longer wetting time. Silicone sur-
factants showed water-repellent properties when hydrolyzed
in buffer solution. This directly affects the contact angle
between the fabric and the water. The wetting time of treated
fabric with cleaved surfactants at pH 4 was 6480 s. and at pH
9 it was 2637 s. (Table 4). Contact angles for fabric treated
with cleaved surfactant and water were 115° and that for
untreated fabric and water was 106° (Table 5). Similar con-
tact angle analysis between nylon fabric and water (Treated
nylon 82° and untreated nylon 80°) was reported by Lin and
Chen (2006).

The cleaved surfactants also demonstrate the promising
application in the paint industry. Cleaved surfactants (at
pH 4) mixed with paints displayed better water-repellent
properties after their application to the wooden block and
metal plate. The contact angle of paint (without surfactants)

applied on wooden block and water was 50° while that with
surfactant was 119°. Similarly, for metal plate and water
when covered with paint containing surfactant was found
to be 119 °C and that for without surfactant was 42 °C
(Table 5). The contact angle of water with treated fabric
material as well as wooden block and metal plate showed
good water resistance due to the effect of cleaved silicone
surfactants.

Conclusion

The silicone surfactants have good water-repellent properties
when hydrolyzed to form the cleaved product. The hydro-
lyzed surfactants in pH 4 gave promising results for usage in
paint and textile industries for water-repellent paint and fab-
ric application, respectively. The structure of intermediates
in all the steps of synthesis was confirmed by IR, UV NMR
analysis. The surfactant properties have been analyzed with
SFT and CMC. The cleaved product showed CMC 3 mg/L
which was significantly better than the uncleaved surfactant.
All the analysis and change in the contact angle of cleaved
surfactants confirmed that cleaved surfactants possessed
good water-repellent properties and possibly be useful in

Table 5 Contact angle of applied cleaved materials on cotton fabric
and painted wooden block and metal plate

Cleaved surfactant treat-
ment at different pH

Contact angle

Treated cot-  Painted Painted
ton fabric wooden block metal
plate
pH4 115° 60° 119°
pH7 109° 44° 89°
pH9 99° 42° 50°
Without buffer 106° 30° 42°

All results are mean of 3 independent experiments with + 5 standard
deviation

Bold values indicate better results

Table 4 Wetting time of

- Raw material for synthesis
treated cotton fabric in cleaved

Wetting time of cleaved PEG 400 surfactants

Wetting time of cleaved

. - surfactants treated fabric with water(s) PEG 4000 surfactants
surfactants of different pH with treated fabric (s)
water
Distilled water pH 4 pH7 pH9 pH 4 pH7 pH9
PDMS 230 5982 4219 1862 4026 1529 996
Silicone oil 190 4792 3652 1265 3857 2103 854
Silicone 0il:PDMS (1:1) 280 6480 3948 2637 5400 2850 2562
Silicone 0il:PDMS (3:1) 130 3822 3225 1039 3189 2033 735
LABSA 50 140 132 121 142 128 118

Bold values indicate better results

LABSA Linear alkyl benzene sulphonic acid, PEG polyethelene glycol, PDMS polydimethylsiloxane
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shoe cloth, wooden paint, and metal paint which are required
to be water-resistant.
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