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The synthesis of a RAFT-mediated Pickering emulsion was firstly achieved by using cellulose nanocrystals

(CNCs) grafted with a random copolymer as the stabilizer. Firstly, poly(acrylonitrile-r-butyl acrylate)

(poly(AN-r-nBA)) was synthesized by Cu(0)-mediated CRP, which was further modified via a click

chemistry strategy to obtain poly(ethylene tetrazole-r-butyl acrylate) (poly(VT-r-nBA)). Then, poly(VT-r-

nBA) was grafted onto the CNCs through a Mitsunobu reaction to obtain poly(VT-r-nBA)-g-CNCs.

Stabilized by poly(VT-r-nBA)-g-CNCs, an O/W RAFT-mediated Pickering emulsion was formed for the

preparation of well-controlled poly(methyl methacrylate) (PMMA) particles with water-soluble potassium

persulfate (KPS) as an initiator and oil-soluble 4-cyanopentanoic acid dithiobenzoate (CPADB) as a chain

transfer agent. Rheological analysis suggested that the prepared Pickering emulsion possessed good

stability under the influences of changes in strain, time, frequency and temperature. Furthermore, the

recycling and further utilization of the poly(VT-r-nBA)-g-CNCs could be simply realized through

centrifugal separation.
Introduction

Surface modication plays a signicant role in the “top-down”
construction of functional materials.1 Among surface modiers,
random copolymers have recently attracted much attention due
to their convenient design and high functional group density,2

and are widely employed in various elds such as controlled
drug delivery,3 membrane materials,4 reinforcement,5 absorp-
tion materials,6 thermoresponsive materials7 and antibacterial
materials.5 Attractive performances have also been achieved in
the application of their mechanical properties, bio-
absorbability, biodegradability, cytocompatibility and optical
functions.8 More recently, the functionalization of cellulose
with random copolymers has been widely applied in the bio-
related, agroindustrial and chemical industries.9 Cellulose can
be easily recycled for further utilization, and can be separated
from products.10 Therefore, the use of cellulose-graed copoly-
mers makes it possible to achieve the dual advantages of
cellulose and random copolymers.11
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It should be noted that random copolymers can be used
solely as emulsiers to stabilize emulsions.12 However, it is
difficult to provide high performances compared to those of
block copolymers.13 Furthermore, their solubilities in solvents
make the separation and purication of the products more
difficult in the post-treatment of emulsion polymerizations. In
contrast, for polymerization in a Pickering emulsion, it was
reported that the products can be easily isolated and the
emulsier can be readily recycled, respectively. Pickering
emulsions are also named particle-stabilized emulsions,14 in
which particles are absorbed at the phase interface to stabilize
the emulsion without additional surface-active agents.15

Compared with conventional emulsion polymerizations,16

Pickering emulsion polymerization is economically attractive
because of the enhanced stability and less of a requirement for
stabilizers.17 Therefore, Pickering emulsion polymerization
exhibits great potential in industrial application in cosmetics,
pharmaceuticals, food products and coatings.18

Faia Laredj-Bourezg and co-workers investigated a surfac-
tant-free biodegradable and biocompatible O/W Pickering
emulsion using block copolymer nanoparticles as a stabilizer
for controlled topical drug delivery.19 Hou and co-workers re-
ported that P4VP-b-PS and PS-b-P4VP graed onto halloysite
nanotubes were used to stabilize a Pickering emulsion.20 In
particular, environmentally friendly cellulose nanocrystals
(CNCs) can also act as stabilizers in Pickering emulsion
systems,21 which are sufficiently insensitive to the material
source and charge density due to the super-hydrophilic
This journal is © The Royal Society of Chemistry 2018
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properties of CNCs.22 Additionally, CNCs as typical nano-
reinforcers, have reinforcement effects due to the surface-
graed functional polymers that improve their compatibilities
with substrates. For example, polymers such as thermo-
responsive poly(N-isopropylacrylamide),23 poly(lactic acid),24

and a thermo-sensitive and pH-sensitive poly(N-iso-
propylacrylamide-co-acrylic acid) copolymer25 were successfully
graed by controlled radical polymerization or ring-opening
polymerization, which can improve the compatibility of CNCs
to strengthen the substrate. Poly(butylene succinate) (PBS)/
polylactic acid (PLA) blends modied with dicumyl peroxide
(DCP) were reinforced by PBS-g-CNCs26 by in situ polymeriza-
tion. In order to improve the application range of CNCs in
Pickering emulsion polymerizations, CNC-graed polymers for
improving the hydrophobicity of CNCs and compatibility with
polymers have also been reported. Dual responsive Pickering
emulsiers based on CNCs were synthesized by graing
PDMAEMA onto CNCs via a free radical polymerization
process.27 Orlando J. Rojas et al.18b have achieved efficient oil-in-
water emulsions by using CNCs graed with thermo-responsive
polymers (PNIPAM) as stabilizers. However, reactions such as
surface-initiated CRP or free radical polymerizations are limited
by the reaction efficiency of a polymer’s end groups. Block
copolymers on CNCs can also increase the interfacial stability of
Pickering emulsion polymerizations. These synthesis and gra
processes are also related to end group activity and surface
initiation efficiency.

However, there are few reports on the surface graing of
random copolymers onto CNCs. Alain Dufresne et al.28

successfully extended polystyrene by modifying CNCs with poly
[(styrene)-co-(2-ethylhexylacrylate)]. AN and nBA-type random
copolymers as typical functional polymers have been widely
reported, and the synthesis and controlled processes are similar
to the homo-polymerization process. As a large number of tet-
razole groups in poly(VT-r-nBA) provide more reaction sites, the
modication of the CNCs is more efficient, and the raw mate-
rials are relatively inexpensive, as poly(AN-r-nBA) can be con-
verted to functional tetrazole groups by sodium azide and can
be graed onto the surface of CNCs by the Mitsunobu reaction.
The hydrophobic functional groups on the surface (polymer
backbone and nBA side chains) and the hydrophilic cellulose
backbone play key roles in stabilizing Pickering emulsions. In
this work, novel copolymer-graed CNCs, named poly(-
acrylonitrile-r-butyl acrylate)-g-cellulose nanocrystals (poly(VT-r-
nBA)-g-CNCs), were simply and efficiently synthesized via the
combination of a Cu(0)-mediated CRP process, click chemistry
and a Mitsunobu reaction. Aerwards, a living RAFT-mediated
O/W Pickering emulsion, using the obtained poly(VT-r-nBA)-g-
CNCs as the sole stabilizer, was ingeniously designed for the
preparation of well-controlled poly(methyl methacrylate)
(PMMA) particles. The rheological behaviour of the Pickering
emulsion was measured under varying strain, frequency, time
and temperature conditions. To verify the recoverability of the
obtained cellulosic graed copolymer, the polymerization
behaviour of the Pickering emulsion for PMMA production,
employing recycled poly(VT-r-nBA)-g-CNCs as a stabilizer, was
studied. The utilization of the CNCs graed with random
This journal is © The Royal Society of Chemistry 2018
copolymers could not only improve the separation and recovery
of themodied CNC nanoparticles from the Pickering emulsion
polymerizations, but could also improve the dispersibility of the
modied CNCs and the stability of the emulsion.
Experimental section
Materials

Acrylonitrile (AN), n-butyl acrylate (nBA) and methyl methacry-
late (MMA) were purchased from Tianjin FuChen Chemical
Reagents Factory and the inhibitors of the reagents were
removed by neutral alumina column before use. Ethyl 2-bro-
moisobutyrate (EBiB), N,N,N0,N0-tetramethylethylene (TMEDA),
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB)
and diethyl azodicarboxylate (DEAD) were obtained from
Zhengzhou Alfa Chemical Company (China). Cu(0) powder,
sodium azide (NaN3), ammonium chloride (NH4Cl), micro-
crystalline cellulose (MCC), triphenylphosphine (TPP) and
potassium persulfate (KPS) were purchased from Tianjin
Damao Chemical Reagents Factory (China). Sulfuric acid
(H2SO4), N,N-dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) were obtained from Laiyang Fine Chemical
Factory (China). Deionized water that was puried through
a UPH-I-40L super-pure water machine was used in all Pickering
emulsions.
Preparation of poly(acrylonitrile-r-butyl acrylate)
(poly(AN-r-nBA))

Poly(AN-r-nBA) was synthesized by a Cu(0)-mediated CRP with the
reaction conditions of [monomer] : [EBiB] : [Cu(0)] : [TMEDA] ¼
200 : 1 : 1 : 2, [AN] : [nBA] ¼ 1 : 1. Cu(0) (9.7 mg, 0.153 mmol) as
a catalyst, AN (1 mL, 0.0153 mol) as a monomer, BA (2.2 mL,
0.0153 mol) as a monomer, EBiB (0.022 mL, 0.153 mmol) as an
initiator, TMEDA (0.045 mL, 0.306 mmol) as a ligand and DMSO
(2 mL) as a solvent were added to a 7 mL ampoule in order. Then,
the ampoule was placed in ice water and the contents were
deoxygenated with nitrogen for 10 min. The ampoule was then
sealed by an ampoule sealer and put in an oil-bath at 70 �C for
a predetermined time. Aerwards, the reaction mixture was fully
dissolved in DMSO and then completely precipitated with meth-
anol. Finally, the polymer was dried by a vacuum freeze drier and
the conversion was calculated via the weighing method.
Preparation of poly(vinyltetrazole-r-butyl acrylate) (poly(VT-r-
nBA)) via click chemistry

Poly(VT-r-nBA) was synthesized by click chemistry of poly(AN-r-
nBA) and sodium azide. In a 7 mL ampoule, poly(AN-r-nBA)
(0.150 g), NaN3 (0.054 g) and NH4Cl (0.044 g) were sufficiently
dissolved in 4 mL of DMF. Then, the mixture was put in an oil-
bath and reacted at 120 �C for 12 h. Aer the reaction, the
mixture solution was cooled to ambient temperature and then
slowly added to 1 mol L�1 HCl for complete precipitation. The
product was then ltered, washed with excess aqueous HCl
solution and dried by freeze-drying.
RSC Adv., 2018, 8, 28660–28667 | 28661
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Fig. 1 (A) The preparation process of modified poly(AN-r-nBA) with
CNCs; (B) photographs of (1) the oil phase dispersion, (2) and the water
phase dispersion, (3) before and (4) after Pickering emulsion poly-
merization stabilized by poly(VT-r-nBA)-g-CNCs; (C) synthesis
mechanism of the RAFT-mediated Pickering emulsion polymerization
of MMA stabilized by poly(VT-r-nBA)-g-CNCs; (D), (E) SEM images of
the PMMA prepared via the Pickering emulsion polymerization.

Fig. 2 The 13C NMR spectra of poly(AN-r-nBA) and poly(VT-r-nBA)
with CDCl3 as the solvent.
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Preparation of the cellulosic gra copolymer poly(VT-r-nBA)-g-
CNCs via Mitsunobu reaction

Cellulose nanocrystals (CNCs) were prepared by the sulfuric
acid hydrolysis of microcrystalline cellulose (MCC).29 Then,
poly(VT-r-nBA)-g-CNCs were synthesized by the Mitsunobu
reaction of poly(VT-r-nBA) and CNCs. In a 100 mL round-
bottomed ask, poly(VT-r-nBA) (100 mg) and CNCs (100 mg)
were dissolved and dispersed in 15 mL of DMF. Then, TPP
(0.360 mg) and DEAD (260 mL) were added under nitrogen in an
ice-water bath. Thereaer, the ask was put in a 25 �C oil-bath
with stirring for 22 h. Aer dialysis and lyophilization, the
nanocomposite was obtained.

Preparation of the Pickering emulsion

The Pickering emulsion stabilized by CNCs-graed copolymer
poly(VT-r-nBA)-g-CNCs was produced by RAFT polymerization of
PMMA. In a 7 mL ampoule, poly(VT-r-nBA)-g-CNCs were evenly
dispersed in 3 mL deionized water by ultrasonic agitation. Then
0.0031 g of KPS was added to the poly(VT-r-nBA)-g-CNCs
dispersion as the water phase. Also, the RAFT chain transfer
agent CPADB (0.0026 g) was dissolved in 0.5 mL of MMA as the
oil phase. Subsequently, the oil phase was shied dropwise to
the water phase with stirring. Then the resulting solution was
ultrasonicated and deoxygenated with high purity nitrogen
under ice-water conditions for 10 min. Soon aer, the ampoule
was sealed and placed in a 60 �C oil-bath. Finally, the polymer
was obtained by centrifugation, dialysis, freeze-drying and
gravimetric ltration. The poly(VT-r-nBA)-g-CNCs stabilized the
Pickering emulsion and were reutilized as a stabilizer of Pick-
ering emulsions.

Characterization

Energy dispersive X-ray spectroscopy (EDS) and scanning elec-
tron microscopy (SEM) images were obtained using a JEOL JSM-
5610 LV SEM. Rheological properties were measured using a TA
instruments-Waters LLC DHR-3 rheometer. FTIR spectra were
recorded using a Nicolet Magna 550 Series II FTIR spectro-
photometer. The 1H NMR and 13C NMR spectra were obtained
using an INOVA-400 MHz NMR instrument. Dynamic light
scattering (DLS) and zeta potentials (Zeta) were determined
using a Malvern Nano-ZS90. The number-average molecular
weight (Mn) and the molecular weight distribution (Mw/Mn) of
the polymers were determined with a Waters 1515-2414 GPC
using a column (7.8 � 300 mm and 5 mm beads size) with
chromatographically pure DMF as the eluent. X-ray photoelec-
tron spectroscopy (XPS) measurements were recorded with an
ESCALAB Xi+ (Thermo Scientic, United States) photoelectron
spectrometer.

Results and discussion
Preparation and characterization of poly(VT-r-nBA)-g-CNCs

In this work, well-dened poly(VT-r-nBA)-g-CNCs were success-
fully prepared according to the route shown in Fig. 1A. Table
S1† summarizes the EDS data of the CNCs, poly(AN-r-BA), pol-
y(VT-r-BA) and poly(VT-r-nBA)-g-CNCs, and the corresponding
28662 | RSC Adv., 2018, 8, 28660–28667
EDS pictures are provided in Fig. S2.† Firstly, poly(AN-r-nBA)
was synthesized by Cu(0)-mediated CRP with the reaction
conditions of [AN] : [nBA] : [EBiB] : [Cu(0)] : [TMEDA] ¼
100 : 100 : 1 : 1 : 2. The molar ratio of monomers that make up
the copolymer can be calculated by the mass ratio, based on the
elements of nitrogen and oxygen derived from the monomers of
AN and nBA, respectively. The mass content of the elements in
the copolymer obtained by EDS can be converted to the [N]/[O]
molar ratio. The contents of C, O and N elements in poly(AN-r-
BA) were determined to be 69.70%, 19.10% and 11.20%
This journal is © The Royal Society of Chemistry 2018
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respectively (Table S1†), which indicated that the amount of
ANP(AN-co-BA) : BAP(AN-co-BA) was 1.34 : 1.00 with the molar ratio of
[N]/[O]. Then, as reported in the literature,30 the synthesis of
poly(VT-r-nBA) was achieved by a click reaction between the
nitrile group of poly(AN-r-nBA) and sodium azide. Similarly, the
VT/BA molar ratio in poly(VT-r-BA) was calculated to be
1.32 : 1.00 with the EDS results of C, O and N elements.
Meanwhile, CNCs were prepared by the sulphuric acid hydro-
lysis method, and gave the TEM image shown in Fig. S1.†
Finally, the poly(VT-r-nBA)-g-CNCs were synthesized by a Mit-
sunobu reaction between poly(VT-r-nBA) and the CNCs. The
graing percent was approximately 78.3%, as measured by the
C, O and N elemental composition of the CNCs, poly(VT-r-BA)
and poly(VT-r-nBA)-g-CNCs. In order to further prove the
structures of the polymers, Fig. 2 shows the 13C NMR spectra of
poly(AN-r-nBA) and poly(VT-r-nBA), respectively. It can be seen
Fig. 3 The XPS spectra of the CNCs and poly(VT-r-nBA)-g-CNCs, (a) w
CNCs; (c) wide scan XPS for poly(VT-r-nBA)-g-CNCs; (d) high resolution
for O 1s of poly(VT-r-nBA)-g-CNCs; (f) high resolution spectra for N 1s

This journal is © The Royal Society of Chemistry 2018
that the peaks at 120 ppm, 173 ppm and 64 ppm represent the
nitrile groups and the ester groups and the alkyl group con-
nected to an oxygen atom (C(O)O–CH2) in the butyl acrylate
unit, respectively. When the poly(AN-r-nBA) was transformed
into poly(VT-r-nBA), the peak of the nitrile-based carbon atom
was shied to 157 ppm, which was consistent with the liter-
ature30a (the azole ring at 157 ppm). Therefore, the functional
poly(VT-r-nBA) was successfully synthesized. The FT-IR spectra
of poly(AN-r-BA), poly(VT-r-BA), CNCs and poly(VT-r-BA)-g-CNCs
are exhibited in Fig. S3.† These results indicate the successful
synthesis of poly(VT-r-nBA)-g-CNCs using poly(AN-r-nBA) and
CNCs as raw materials.

As an important analytical method for surface modication,
X-ray photoelectron spectroscopy (XPS) can be used to fully
analyze the surface element characteristics of materials. As
shown in Fig. 3(a), the peaks at 284.8 eV, and 531.6 eV in wide
ide scan XPS for the CNCs; (b) high resolution spectra for C 1s of the
spectra for C 1s of poly(VT-r-nBA)-g-CNCs; (e) high resolution spectra
of poly(VT-r-nBA)-g-CNCs.

RSC Adv., 2018, 8, 28660–28667 | 28663
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scan XPS are attributed to the C 1s and O 1s peaks of the CNCs.
The C 1s spectra of the CNCs in Fig. 3(b) can be tted to a curve
with three peak components, which are attributed to C–O–H
(286.8 eV), O–C–O (288.4 eV) and C–C (284.8 eV), respectively.
The results are in good agreement with those in the literature,31

which proves the successful preparation of the CNCs. In
Fig. 3(c), the peaks of wide scan XPS at 284.8 eV, 400.5 eV, and
532.8 eV are attributed to C 1s, N 1s and O 2p in poly(VT-r-nBA)-
g-CNCs, respectively. Compared with the wide scan XPS of the
CNCs, the N 1s peak in poly(VT-r-nBA)-g-CNCs indicated that the
surfaces were successfully graed with the random polymer
P4VT–PnBA. From Fig. 3(d), the C 1s spectra of the poly(VT-r-
nBA)-g-CNCs in Fig. 3(b) can be tted to a curve with four peak
components, which are attributed to C–C or C–N (284.8 eV), C–O
(286.5 eV), O–C–O (288.0 eV), and O–C]O (288.6 eV), respec-
tively. The characteristic peaks of the CNCs (O–C–O) and pol-
y(VT-r-nBA) (O–C]O) proved that the CNCs were successfully
modied. Fig. 3(e) is the O 1s spectrum of poly(VT-r-nBA)-g-
CNCs with the O 1s peaks at 532.7 eV and 532.3 eV attributed to
C–O, and C]O, respectively. Due to the presence of C–O bonds
in the cellulose nanocrystals, the C–O peak area is larger than
that of C]O. Fig. 3(f) is the N 1s spectrum of poly(VT-r-nBA)-g-
CNCs and the N 1s peaks at 401.3 eV, 400.2 eV and 399.5 eV are
assigned as the peaks for C–N, C]N and C^N, respectively.
Therefore, the results of the XPS fully demonstrate that poly(VT-
r-nBA) was graed to the surface of the CNCs.
Fig. 4 (a) The kinetic plot of PMMA prepared with a RAFT-mediated
Pickering emulsion with poly(AN-r-nBA)-g-CNCs as a stabilizer at
60 �C, [MMA]0 : [KPS]0 : [CPADB]0 ¼ 400 : 1 : 1, H2O : MMA (v/v) ¼
6 : 1; (b) the Mn and Mw/Mn of PMMA versus monomer conversion.

Fig. 5 1H NMR spectrum of PMMA prepared by RAFT-mediated
Pickering emulsion stabilized by poly(VT-r-nBA)-g-CNCs with CDCl3
as the solvent and TMS as an internal standard of chemical-shift.
Preparation of PMMA by a RAFT-mediated Pickering emulsion
with poly(VT-r-nBA)-g-CNCs as a stabilizer

Using the successfully synthesized poly(VT-r-nBA)-g-CNCs as
a stabilizer, a stabilized and homogeneous Pickering emulsion
was prepared (Fig. 1(B)) without any additional surfactants.
CPADB was dispersed in MMA to form the oil phase (Fig. 1B1),
and KPS and poly(VT-r-nBA)-g-CNCs were dispersed in deion-
ized water to form the water phase (Fig. 1B2), respectively. Then,
PMMA beads were prepared by oil-in-water RAFT-mediated
Pickering emulsion polymerization (Fig. 1B4) with MMA as
a monomer, water-soluble KPS as an initiator and oil-soluble
CPADB as a chain transfer agent under the following condi-
tions: [MMA]0 : [KPS]0 : [CPADB]0 ¼ 400 : 1 : 1, H2O : MMA (v/
v) ¼ 6 : 1. The proposed mechanism for the RAFT-mediated
Pickering emulsion formation is presented in Fig. 1C. As
shown in Fig. 1D and E, the PMMA particles prepared via
Pickering emulsion polymerization were spheres with homo-
geneous morphology.

To further investigate the controllability of the polymeriza-
tion, Fig. 4(a) shows the kinetic plot of the PMMA synthesis with
CPADB as a chain transfer agent. As expected, the conversion of
the MMA monomer increased with the increase in polymeriza-
tion time. A linear relationship between ln([M]0/[M]) and reac-
tion time was observed, which indicated that the
polymerization process of MMA proceeded with rst-order
kinetics (ln([M]0/[M]) ¼ kappp [R]t). Fig. 4(b) exhibits the relation-
ship of the number average molecular weight of PMMA versus
monomer conversion, and conrms that low polydispersity of
PMMA can be achieved. The 1H NMR spectrum of PMMA is
28664 | RSC Adv., 2018, 8, 28660–28667
shown in Fig. 5. These results demonstrate the successful
synthesis of PMMA through RAFT-mediated Pickering emulsion
polymerization. The resonances at d0.73–2.36 (b) and d3.6 (c) were
assigned to –CH2– and –O–CH3 protons of the backbone-chain
units and the side-chain terminal of PMMA, while the reso-
nances at d7.3–7.9 (a) were attributed to –Ph protons of the chain
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The rheological measurements of PMMA produced by RAFT-
mediated Pickering emulsion stabilized by poly(VT-r-nBA)-g-CNCs. (a)
Strain-sweep measurements from 1 to 2500% with 10 rad s�1 at room
temperature; (b) frequency-sweep measurements from 4 to 140 rad s�1

at room temperature; (c) time-sweepmeasurements from0 to 400 swith
10 rad s�1 at room temperature; (d) temperature-sweep measurements
from 20 to 65 �C with 10 rad s�1. G0: storage modulus; G00: loss modulus.

This journal is © The Royal Society of Chemistry 2018
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transfer agent CPADB. Therefore, the RAFT-mediated Pickering
emulsion polymerization was proven to possess a controlled/
“living” character to synthesize PMMA.
Rheological analysis of Pickering emulsion

As shown in Fig. 6(a–d), rheological behaviour of the prepared
Pickering emulsion (stabilizer using poly(VT-r-nBA)-g-CNCs)
was measured by using a rheometer. The strain-sweep
measurement of the Pickering emulsion is exhibited in
Fig. 6(a), and it clearly demonstrated that the loss modulus (G00)
remained unchanged under a strain rate ranging from 1% to
1000%. The storage modulus (G0) rstly climbed up slightly and
then slowly declined with the increase of the strain rate, sug-
gesting that the Pickering emulsion could endure comparatively
large deformation. In addition, Fig. 6(b) shows the frequency-
sweep measurement results of the Pickering emulsion. G0 and
G00 increased with increasing frequency, which indicated that
the Pickering emulsion remained stable under high-order
frequencies. Fig. 6(c) and (d) show the time-sweep and
temperature-sweep spectrograms of the Pickering emulsion
respectively. It can be seen that G0 and G00 did not change with
time within 400 s, while G0 and G00 presented slight uctuations
Fig. 7 (a) The kinetic plot of PMMA prepared by RAFT-mediated
Pickering emulsion with recycled poly(VT-r-nBA)-g-CNCs as a stabi-
lizer at 60 �C, [MMA]0 : [KPS]0 : [CPADB]0 ¼ 400 : 1 : 1, H2O : MMA (v/
v)¼ 6 : 1; (b) theMn andMw/Mn of PMMA versusmonomer conversion.
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Table 1 Results of the Mn,GPC and Mw/Mn of PMMA prepared by Pickering emulsion stabilized with recycled poly(VT-r-nBA)-g-CNCs

Cycle
times Time (h) Polymerization conditions Mn,GPC Mw/Mn

1 1 [MMA]0 : [CPADB]0 : [KPS]0 ¼ 400 : 1 : 1, H2O/MMA (v/v) ¼ 6/1, poly(VT-r-nBA)-g-CNCs/H2O ¼ 4 mg mL�1 84 600 1.07
2 1 [MMA]0 : [CPADB]0 : [KPS]0 ¼ 400 : 1 : 1, H2O/MMA (v/v) ¼ 6/1, poly(VT-r-nBA)-g-CNCs/H2O ¼ 4 mg mL�1 83 400 1.08
3 1 [MMA]0 : [CPADB]0 : [KPS]0 ¼ 400 : 1 : 1, H2O/MMA (v/v) ¼ 6/1, poly(VT-r-nBA)-g-CNCs/H2O ¼ 4 mg mL�1 84 600 1.11
4 1 [MMA]0 : [CPADB]0 : [KPS]0 ¼ 400 : 1 : 1, H2O/MMA (v/v) ¼ 6/1, poly(VT-r-nBA)-g-CNCs/H2O ¼ 4 mg mL�1 83 000 1.13
5 1 [MMA]0 : [CPADB]0 : [KPS]0 ¼ 400 : 1 : 1, H2O/MMA (v/v) ¼ 6/1, poly(VT-r-nBA)-g-CNCs/H2O ¼ 4 mg mL�1 89 400 1.08
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under the temperature range from 20 �C to 65 �C. These
phenomena sufficiently proved that the prepared Pickering
emulsion possessed good stability and viscoelasticity under the
inuence of changes in strain, time, frequency and
temperature.
Recycling of the poly(VT-r-nBA)-g-CNCs nanocomposite

Aer the reaction, trace THF was added to the polymerization
system to dissolve the resulting polymer with sufficient stirring.
The mixed polymer solution was centrifuged to separate the
poly(VT-r-nBA)-g-CNCs. The poly(VT-r-nBA)-g-CNCs were then
puried by washing thoroughly with THF, ethanol and water,
respectively. At the same time, the polymer solution was poured
into a large amount of methanol to obtain the PMMA. Reuse of
the poly(VT-r-nBA)-g-CNCs was carried out for the RAFT-
mediated Pickering emulsion polymerization of MMA under
the conditions of [MMA]0 : [KPS]0 : [CPADB]0 ¼ 400 : 1 : 1. The
Poly(VT-r-nBA)-g-CNCs stabilized Pickering emulsion was recy-
cled by centrifugal separation. Fig. 7(a) exhibits the relationship
of conversion of MMA and ln([M]0/[M]) versus reaction time. The
results show a positive correlation between conversion of MMA
and reaction time. Moreover, ln([M]0/[M]) also had a linear
relationship with reaction time. The results fully display the
“living”/controlled features of RAFT polymerization. The results
of the polymerization kinetics studies indicated that the recy-
cled poly(VT-r-nBA)-g-CNCs had a kappp value (Rp ¼ �d[M]/dt ¼
kp[Pn][M] ¼ kappp [M]) of about 3.1 � 10�5 s�1, and the reaction
rate was faster than that of the initial value (about 2.6 � 10�5

s�1). The possible reasons are that the emulsication ability of
the poly(VT-r-nBA)-g-CNCs aer the recovery was partially
reduced aer recycling, and the free radicals generated by the
initiators were more likely to diffuse into the micelles, resulting
in a slightly increased polymerization rate. Also, theMn andMw/
Mn data of PMMA against MMA conversion were plotted in
Fig. 7(b). Mn of PMMA increases with conversion of MMA and
their Mw/Mn remains at a fairly low level. The results indicated
that the polymerization of MMA was well-controlled under
lower free radical concentrations. Table 1 shows the results of
the Mn,GPC and Mw/Mn of PMMA prepared using the Pickering
emulsion with ve cycles of reuse of the poly(VT-r-nBA)-g-CNCs.
It can be observed that the Mn,GPC values of PMMA have
a slightly uctuating trend with an increasing number of cycles.
In addition, the Mw/Mn values of PMMA have better distribu-
tion. This was a good illustration of the successful recycling of
the poly(VT-r-nBA)-g-CNCs.
28666 | RSC Adv., 2018, 8, 28660–28667
Conclusions

Poly(AN-r-BA) was graed onto CNCs via the union of click
chemistry and a Mitsunobu reaction for the formation of pol-
y(VT-r-nBA)-g-CNCs. In this work, poly(VT-r-nBA)-g-CNCs as
a stabilizer, were successfully used to achieve a RAFT-mediated
Pickering emulsion polymerization. The polymerization was
used for the synthesis of PMMA beads with narrow dispersities
and controlled molecular weights under the following condi-
tions: [MMA]0 : [KPS]0 : [CPADB]0 ¼ 400 : 1 : 1, H2O : MMA
(v/v) ¼ 6 : 1, T ¼ 60 �C. Importantly, the poly(VT-r-nBA)-g-CNCs
could be reused and have a broad scope in the development of
Pickering emulsions.
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12 (a) N. Lin, A. Gèze, D. Wouessidjewe, J. Huang and
A. Dufresne, ACS Appl. Mater. Interfaces, 2016, 8, 6880–
6889; (b) M. Kaji, S. Fujiwara and K. Sakai, J. Oleo Sci.,
2017, 66, 1121–1128; (c) D. Y. Lee and J. H. Kim, J. Polym.
Sci., Part A: Polym. Chem., 2015, 36, 2865–2872.

13 N. Ezaki, Y. Watanabe and H. Mori, Langmuir, 2015, 31,
11399–11408.

14 (a) H. Jun, T. H. L. Kim and S. W. Han, Colloid Polym. Sci.,
2015, 293, 2949–2956; (b) B. Brunier, N. Sheibatothman,
M. Chniguir, Y. Chevalier and E. Bourgeatlami, Langmuir,
2016, 32, 6046–6057; (c) N. Nikfarjam, N. T. Qazvini and
Y. Deng, Eur. Polym. J., 2015, 64, 179–188; (d)
L. Delafresnaye, P. Y. Dugas and P. E. Duls, Polym. Chem,
2017, 8, 6217–6232.
This journal is © The Royal Society of Chemistry 2018
15 (a) A. Chakrabarty, L. Zhang, K. A. Cavicchi, R. A. Weiss and
N. K. Singha, Langmuir, 2015, 31, 12472–12480; (b)
A. Lotierzo and S. A. F. Bon, Polym. Chem, 2017, 6, 5100–
5111.

16 X. Liu, H. Chen, C. H. Wang, R. J. Qu, C. N. Ji, C. M. Sun and
Y. Zhang, J. Hazard. Mater., 2010, 175, 1014–1021.

17 (a) A. Lotierzo and S. A. F. Bon, Polym. Chem, 2017, 8, 5100–
5111; (b) C. Li, J. Tan and H. Li, Polym. Chem, 2015, 6, 7100–
7111.

18 (a) Z. Hu, H. S. Marway, H. Kasem, R. Pelton and
E. D. Cranston, ACS Macro Lett., 2016, 5, 185–189; (b)
J. O. Zoppe, R. A. Venditti and O. J. Rojas, J. Colloid
Interface Sci., 2012, 369, 202–209.

19 F. Laredj-Bourezg, M. A. Bolzinger, J. Pelletier and
Y. Chevalier, Int. J. Pharm., 2017, 531, 134–142.

20 Y. Hou, J. Jiang and K. Li, J. Phys. Chem. B, 2014, 118, 1962–
1967.

21 B. F. Liu, D. C. Yang, H. Man, Y. Q. Liu, H. Chen, H. Xu,
W. X. Wang and L. J. Bai, Cellulose, 2018, 25, 77–85.

22 (a) I. Kalashnikova, H. Bizot, B. Cathala and I. Capron,
Biomacromolecules, 2012, 13, 267–275; (b) I. Kalashnikova,
H. Bizot, B. Cathala and I. Capron, Langmuir, 2011, 27,
7471–7479; (c) N. Lin, Y. Chen, F. Hu and J. Huang,
Cellulose, 2015, 22, 2629–2639.

23 U. D. Hemraz, A. Lu, R. Sunasee and Y. Boluk, J. Colloid
Interface Sci., 2014, 430, 157–165.

24 M. Peltzer, A. H. Pei, Q. Zhou, L. Berglund and A. Jimenez,
Polym. Int., 2014, 63, 1056–1062.

25 E. Zeinali, V. Haddadi-Asl and H. Roghani-Mamaqani, J.
Biomed. Mater. Res., Part A, 2018, 106, 231–243.

26 E. L. de Paula, F. Roig, A. Mas, J. P. Habas, V. Mano,
F. V. Pereira and J. J. Robin, Eur. Polym. J., 2016, 84, 173–187.

27 J. Tang, M. F. X. Lee, W. Zhang, B. Zhao, R. M. Berry and
K. C. Tam, Biomacromolecules, 2014, 15, 3052–3060.

28 M. Nagalakshmaiah, O. Nechyporehuk, N. El Kissi and
A. Dufresne, Eur. Polym. J., 2017, 91, 297–306.

29 D. Bondeson, A. Mathew and K. Oksman, Cellulose, 2006, 13,
171–180.

30 (a) N. V. Tsarevsky, K. V. Bernaerts, B. Dufour, F. E. D. Prez
and K. Matyjaszewski, Macromolecules, 2004, 37, 9308–
9313; (b) M. R. Huang, X. G. Li, S. X. Li and W. Zhang,
React. Funct. Polym., 2004, 59, 53–61; (c) M. Kumar,
R. Shevate, R. Hilke and K. V. Peinemann, Chem. Eng. J.,
2016, 301, 306–314; (d) W. X. Wang, M. F. Chen, Y. Z. Niu,
Q. Tao, L. J. Bai, H. Chen and Z. P. Cheng, RSC Adv., 2017,
7, 47316–47323; (e) W. X. Wang, Y. X. Wang, Y. Liu,
L. L. Jiang, L. J. Bai, H. Chen and Z. P. Cheng, J. Appl.
Polym. Sci., 2017, 134, 45490; (f) J. Wang, Y. T. Wang,
H. Chen, H. Xu, W. X. Wang and L. J. Bai, Sens. Actuators,
B, 2018, 258, 998–1007.

31 (a) J. X. Chen, D. F. Wu, K. C. Tam, K. Pan and Z. G. Zheng,
Carbohydr. Polym., 2017, 157, 1821–1829; (b) F. Cheng,
C. Y. Liu, X. J. Wei, T. S. Yan, H. B. Li, J. M. He and
Y. D. Huang, ACS Sustainable Chem. Eng., 2017, 5, 3819–3828.
RSC Adv., 2018, 8, 28660–28667 | 28667

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra03816c

	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c

	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c

	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c
	RAFT-mediated Pickering emulsion polymerization with cellulose nanocrystals grafted with random copolymer as stabilizerElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra03816c


