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Thiol—-ene click reaction on cellulose sponge and
its application for oil/water separation

Zhenzhen Wu, Yingzhan Li, Linping Zhang,* Yi Zhong, Hong Xu, Zhiping Mao,
Bijia Wang and Xiaofeng Sui{®*

Thiol—ene click reaction was employed to synthesize a flexible hydrophilic cellulose sponge. The reactive vinyl
group was introduced by silanization treatment with vinyl-trimethoxysilicane (VTMO), and the resulting
silylated cellulose sponge (SCS) can be subsequently functionalized with various thiol-containing compounds
such as 3-mercaptopropionic acid, via temperature induced thiol-ene reactions. The hydrophilic cellulose

sponge thus prepared displayed an excellent mechanical strength of 70 KPa at 80% compression strain. The
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prepared sponge features hydrophilic and underwater oleophobic properties and was used in gravity-driven

removal of oil from oil-in-water emulsions and oil/water mixtures with a high separation efficiency. The

DOI: 10.1039/c7ra00847¢c

rsc.li/rsc-advances in-water emulsion.

1. Introduction

Water pollution from oil spillage and industrial discharge of
organic solvents has become more and more serious, making oil/
water separation of worldwide urgency. Adsorption-based oil/
waster separation methods are attractive for being energy-
efficient. Inorganic sorbents including silica aerogels,"* carbon
aerogels,** graphene aerogels®® and organic synthetic polymers
such as polystyrene,” polypropylene,® polyurethane foam,® and
melamine sponges' have been demonstrated to function as oil
removal materials that adsorb oil from water. However, the
widespread utilization of these sorbents are hindered by their
complicated fabrication procedures and lack of biodegradability.
Thus, there was great interest in developing eco-friendly mate-
rials as effective oil/water separation mediums.

Cellulose sponge, a porous material, has been developed for
oil/water separation particularly via absorption due to their
fascinating characters, such as sustainable origins, low-cost,
and biocompatibility."*** However, these absorption materials
easily fouled by oil due to theirs oleophilicity, which can reduce
the absorption capacity.’””* Therefore, it's necessary to explore
hydrophilic porous cellulose materials for oil/water separation
via filtration through chemical modifications. Batchelor et al.**
used polyamideamine-epichlorohydrin in preparing a hydro-
philic cellulose aerogel, which they successfully applied in oil/
water separation. Hu et al.>* prepared a hydrophilic cellulose-
based filtering material crosslinked by citric acid for oil/water
separation. However, neither of the above mentioned work
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separation efficiency remained 100% after 10 cycles for an oil/water mixture and 95% after 6 cycles for an oil-

further discussed the recyclability for oil/water emulsion sepa-
ration of the materials.

The current study involves using thiol-ene click reaction to
treat cellulose sponge with vinyl-trimethoxysilicane (VIMO), re-
introduces hydrophilicity into the rather hydrophobic silane-
crosslinked cellulose sponge. Thiol-ene click reactions*?** are
widely employed to introduce functional groups, such as -OH,
—-COOH, and -NH, to cellulose. Tingaut et al.>* prepared three
functional cellulose films using thiol-ene click reactions. Zhang
et al.”® prepared different pH-responsive nanoparticles from
novel ionic cellulose derivatives made by thiol-ene click reac-
tions. Levkin et al.*® prepared functional nanocellulose films
using photo-induced thiol-ene reactions.

Crosslinked cellulose sponge was prepared by treating
cellulose fibrils with vinyl-trimethoxysilicane (VIMO), where O-
Si crosslinking and the introduction of the reactive vinyl groups
were achieved simultaneously. The resulted silylated cellulose
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Scheme 1 Scheme showing the preparation of thiol-ene modified
silylate cellulose sponge (SCS-MPA) from cellulose microfibrils.
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sponge (SCS) was then reacted with 3-mercaptopropionic acid
(MPA) and to get grafted with the hydrophilic carboxylate
moieties via thiol-ene reaction (Scheme 1). The surface of the
modified SCS sponge showed underwater oleophobicity. The
sponge was demonstrated to rapidly separate oil from the oil/
water mixtures, and also exhibited decent performance and
excellent recyclability in separating oil-in-water emulsions.

2. Experimental section

2.1. Materials

Cellulose microfibrils suspension (solid content 1.4%) was
purchased from Tianjin Haojia Cellulose CO., Ltd, China.
VTMO was supplied by Zhejiang Feidian Chemical Co., Ltd. 2,2’-
Azobis[2-methylpropionamidine]dihydrochloride  (AIBA), 3-
mercaptopropionic acid (MPA) was obtained from Energy
Chemical. Hydrochloric acid (HCIl) (37%) was obtained from
Pinghu Chemical Reagent, China. n-Hexane was purchased
from Changshu Hongsheng Fine Chemical Co., Ltd. Acetone,
ethanol was provided by ShangHai Yunli Economic and Trade
Co., Ltd. Disperse blue SE-5R was produced by Zhejiang JiHua
Group. Deionized water was used in all experiments.

2.2. Synthesis of silylated cellulose sponge (SCS)

140 mg VIMO was added dropwise into 10 g cellulose microfi-
brils suspension. The suspension was stirred for 2 h at room
temperature under acidic conditions (pH = 4). The mixture was
frozen in liquid nitrogen and freeze-dried in freeze-dryer (DGJT-
10, Beijing Songyuan Huaxing Technology Development Co.,
Ltd.) for 48 h. Finally, dry sponge was cured at 120 °C for 10 min
to promote the cross-linking between cellulose and VTMO.

2.3. Preparation of SCS-MPA sponge via thiol-ene click
reaction

79.5 mg AIBA (0.293 mmol) was dissolved in water (5 mL). 10 mL
ethanol and 1 g (9.42 mmol) MPA were added to the solution
successively. The mixture was shaken in a vortex mixer. Upon
thorough mixing, 200 mg SCS was added, the mixture was heated
to 60 °C and maintained for 2 h. The sample was rinsed with water
and ethanol sufficiently to remove the unreacted materials.
Finally, the sample was dried at 80 °C for 4 h and stored in
a desiccator.

2.4. Characterization

2.4.1. Analysis of structure and morphology. The chemical
constitution of the original cellulose sponge (CS), SCS and SCS-
MPA sponges were studied using Fourier transform infrared
(FT-IR) spectrometry (PerkinElmer Spectrum Two, American).
All spectra were recorded between 4000 and 600 cm ™" with
a resolution of 4 cm ™' scans.

The morphologies of the samples were investigated using
scanning electron microscopy (SEM, TM-1000, HITACHI,
Japan). The N, adsorption-desorption isotherms and BET
surface area were characterized by a TriStar II 3020M analyzer
(Micrometrics instrument corp.).
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The dynamic water contact angle (WCA) and oil contact
angle on underwater (OCA) were collected with a DSA30 contact
angle analyzer (Kruss, German). Optical microscopy images of
the emulsions and filtrates were captured by a Nikon 80i optical
microscope. The amounts of oil in the emulsion and the filtrate
were determined by UV-Vis spectroscopy (UV-1800, Shimadzu
corp., Japan).

2.4.2. Mechanical testings. The compression tests were
performed on a HY-940F Universal Testing System (Shanghai). The
samples were placed between the testing plates and compressed at
a speed of 2 mm min~ " with the maximum compression strain (e)
set to 80%. Young's modulus and compression strength were
obtained from the stress curves. The thickness recovery was
calculated according to the following formula:**

S% =100 — Efinal (1)

where egna1 Was the residual strain and could be measured at the
final position, where no stress was applied. An average of three
replicates were used for each sample.

2.4.3. Evaluation of the density and porosity of SCS sponge.
The porosity was calculated using the following equation:
Porosity (%) = <1 - @> x 100% )
Ps

Where p;, was the bulk density and p; was the skeletal density of
the SCS sponge. p,, was calculated from the weight and bulk
volume of the sponge. Considering that the SCS material could
be regarded as a composite of cellulose and VIMO, ps was
calculated according to eqn (3):

1

p =
S Weellulose n Wyrmo
Pcellulose PvT™MO
_ PVTMOPeellulose 3)

chllu]oschTMo + (1 - chl]u]osc)pccllulose

where Weeuiose Was the weight fraction of cellulose and Wy was
the weight fraction of VTMO in the sponge (Weenlose + Wyrmo = 1)-
Peellulose a0 pyrvo Were obtained according to literatures.***>°
2.4.4. Evaluation of the oil rejection (R%) of SCS-MPA
sponge. The oil/water mixture was prepared by vigorously stir-
ring. To prepare the surfactant-stabilized oil-in-water emul-
sions, sodium dodecyl-benzenesulfonate (0.5 g) and n-hexane (5
mL) was added to 5 mL of water with intensive mixing. The
mixture formed a homogeneous dispersion in about 1 min.
The oil rejection (R%) was calculated as follow:>

R%:(1—9>x100 (@)
Co

where C, and C; are the concentrations of oil in the emulsion
and filtrate, respectively.

3. Results and discussion
3.1. Structure and morphology

As illustrated in Fig. 1, compared with unmodified CS, the IR
spectrum of SCS shows new peaks at 3062 ¢cm ™" (Vas—cu,), 3026
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em ! (v—cu), 2969 em ™ (v cn,), 1601 (vo—c), 1408 em ™ (0—cw,
and 0_cp), all of which were attribute vibrations of the vinyls on
VTMO.**** Moreover, the peak at 1276 cm™ " (vs;_c), and between
1180-690 cm ™" were due vibrations of silyl connections (vs;_c,
Vas si-Cy Vas si-0-sis Vs si-o-si)-* Upon modification with MPA, the
sponge showed a characteristic carbonyl stretching vibration at
1715 em ™ (vc—o), meanwhile the vinyl vibration bands at 3062,
3026, 1600, 1408 cm ™" were considerably weakened, indicating
the vinyls have transformed to thioether linkages.**

The morphology of SCS and SCS-MPA was studied by SEM
(Fig. 2). Both SCS and SCS-MPA sponges displayed a porous
structure composed of thin sheets interconnected with micro-
filaments. These thin sheets likely formed from the aggregation
of cellulose microfibrils during freeze-drying step, when water
within the sponge crystalized.*** After the thiol-ene chick reac-
tion, the resulted SCS-MPA remained porous.’* The porosity of
the cellulose sponges was calculated according to eqn (2) and (3),
which is a common method to evaluate the porosity of nano-
cellulose sponge.*** Results (Table 1) showed that regardless of
silane modification, the cellulose sponges were highly porous
(porosity = 99%).

3.2. Mechanical properties

The compressive stress—strain curves of the cellulose sponges
compressed at 80% compression strain are presented in Fig. 3a.
At 80% compression strain, the compressive stress of SCS-MPA
was about 70 KPa. The thickness recovery of unmodified CS was
calculated to be 39%, while that of the SCS-MPA was

a Unmodified CS

L T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm'1)

Fig.1 FTIR spectra of (a) unmodified CS and (b) SCS and (c) its thiol-
ene coupling products SCS-MPA.

100pm 100nm

Fig. 2 SEM image of (a) SCS, and (b) SCS-MPA sponge.
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Table1l Density, porosity of unmodified and silylated cellulose sponge

3

Sample Density/kg m™ Porosity/%
CS 10.9 99.3
SCS 12.3 99.4
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Fig. 3 (a) Compressive stress—strain curves of unmodified CS, SCS
and SCS-MPA compressed to 80% strain, (b) thickness recovery (5%)
and Young's modulus of unmodified CS, SCS and SCS-MPA upon
unloading from a compressed state (¢ = 80%) was visualized by
columns.

significantly increased to around 62% (Fig. 3b). SCS-MPA could
recover to its original height in 30 min, while the unmodified CS
remained compressed. In addition to being more flexible and
resilient, the SCS-MPA sponge also showed higher compressive
strength compared with unmodified CS. These observations
were in line with the theory that crosslinking enhances the

mechanical properties of cellulose sponge.®**”

3.3. Hydrophilic and underwater oleophobic properties

SCS is highly hydrophobic with water contact angle of 160°.
After the thiol-ene reaction, carboxyl groups were grafted onto
SCS.?® The surface of the sponge changed from hydrophobic to
hydrophilic and displayed underwater oleophobicity. Both
surfaces of unmodified CS and SCS-MPA sponge were highly
hydrophilic as demonstrated in Fig. 4a. However, the CS surface
collapsed after absorbing the water-droplets, while the SCS-MPA
surface remained intact. The SCS-MPA sponge also showed

CS
— O
SCS-MPA

.

Fig. 4 (a) Photographs of dynamic measurements of water perme-
ation on the surface of CS and SCS-MPA sponge, (b) oil contact angle
on the SCS-MPA sponge underwater (contact angle: 147°).
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oleophobicity when immersed in water, exhibiting a high oil
contact angle of 147°(Fig. 4b).” Therefore, the present material
was used for oil/water separation.

3.4. Separation capacity and recyclability

As expected, the wetted cellulose sponge, which showed
underwater oleophobic, facilitated the efficient separation of
oil/water mixtures. The oil/water mixture separation experiment
was performed as depicted in Fig. 5a. The water-removing
process was driven by gravity. For oil/water mixture (50 mL,
1: 1, v/v), stratification took place when it was poured into the
glass graduated funnel. Water rapidly passed through the
materials (<2 min), while hexane was intercept due to the
hydrophilic and underwater oleophobic characteristics of the
sponge. Consequently, SCS-MPA has unexpectedly high sepa-
ration efficiencies for oil/water mixture. The oil rejection,
calculated by eqn (4), was studied after every separation exper-
iment and the results are summarized in Fig. 5b. The oil
rejection was 100% for all ten repeated cycles, demonstrating
a favorable reusability feature of the SCS-MPA sponge.

The separation efficiency of SCS-MPA was further evaluated
using oil-in-water emulsions. Passing through the sponge
caused the emulsion to demulsify and the coalesced oil phase
was retained above the sponge.** The optical microscopic
images of the oil-in-water emulsion and the filtrate were shown
in Fig. 6. The filtrate clearly contained no oil droplet, suggesting
the SCS-MPA sponge was effective in removing oil from the
surfactant-stabilized oil-in-water emulsion. The UV-Vis spec-
trum was also employed to analyze the filtrate, from which the
rejection ratio of oil was determined to be as high as 98.6%

30min

Ib
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70 . -

1 Cycle 5 Cycle 10Cycle

Oil rejection (%)
0 [~ ©o
(=] (3] (=]
1 L 1

~
«
1

Fig. 5 (a) The photographs of hexane/water mixtures separation
process (the disperse blue dye SE-5R was dissolved in the oil phase), (b)
efficiency and reusability of the SCS-MPA on separating oil/water
mixtures.
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Fig. 6 (a) and (b) Photographs of surfactant-stabilized n-hexane-in-
water emulsion before and after separation (scale bar: 100 um). (c) UV-
Vis spectrum of the oil in water emulsion before and after separation,
(d) cyclic separation of the SCS-MPA to oil-to-water emulsion.

(Fig. 6¢). This was comparable to reported rejection ratio of
cellulose nanofiber aerogels (98.6%)*° and that of cellulose
membranes (99.6%).*° And these results were illustrated the
high separation efficiency of the wetted cellulose sponge. The
used sponge could be reused after rinsing with D.I. water
repeatedly until free of any oil-dissolved disperse dyes. The
rejection ratio of the oil-in-water emulsion remained over 95%
up to six reuse cycles (Fig. 6d).

4. Conclusions

In summary, a novel hydrophilic sponge with enhanced
mechanical properties was prepared by silylation of cellulose
fibrils and subsequent modification by thiol-ene click reaction.
The sponge was successfully utilized for oil removal from both
oil/water mixture and an oil-in-water emulsion. The thiol-ene
modification endowed the sponge with superb hydrophilicity
and underwater oleophobicity (147°). The sponge also boasted
high porousity (>99%), excellent compressive strength (70 KPa)
and decent stability and flexibility, allowing it to be repeatedly
used. The separation efficiency was as high as 100% after 10
cycles for oil/water mixture and over 95% after 6 cycles for oil-in-
water emulsions. It is worth noting that the cellulose sponge
gained high wet strength and durability underwater from
crosslinking by VIMO. These results indicated that the hydro-
philic material has great potential in separating oil/water
emulsion.
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