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Abstract

This article reports on the development of an experimental protocol based on the radiation-
induced graft polymerization of a temperature-responsive polymer onto cellulose (MCC).
MCC was selected as a model substrate, in view of modifying cellulose nanocrystals (CNCs).
Two different grafting methods, by pre-irradiation or simultaneous procedure, were
performed to assess their efficiency and identify key experimental steps. The Fenton reaction
was successfully applied to radiation-peroxidized MCC. The effects of radiation dose,
reaction temperature, monomer concentration and reaction time were studied in various
combinations to control the polymerization of N-isopropyl acrylamide (NIPAM). The amount
of poly(NIPAM) grafted on MCC was determined by elemental analysis. Grafted MCC
samples were characterized by infrared spectroscopy, thermogravimetry, scanning electron
microscopy and X-ray diffraction to compare their features with the unmodified substrate.
This experimental approach was then applied to CNCs. The grafting and purification
protocols for the modified CNCs were adapted accordingly. Preliminary characterization
shows the presence of the poly(NIPAM) grafts onto the CNCs and evidences the

temperature-reponsiveness of the obtained material.
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Highlights

* Radiation-induced peroxidation of cellulose is a simple method for graft-polymerization

 Grafting of NIPAM onto peroxidized MCC and CNC is achieved at RT in presence of
Fe(II)

» Experimental conditions can be adjusted to exert a control on the extent of grafting

* The protocol based on Fenton reaction is well adapted for grafting polymers with LCST >
RT

* Temperature-responsive poly(NIPAM) grafts on CNCs are evidenced by turbidimetry

Introduction

The objective of the work reported in this article was to develop a robust protocol for the
radiation-induced graft polymerization of N-isopropyl acrylamide, using microcrystalline
cellulose (MCC) as a model starting material. The final goal is the controlled modification of
cellulose nanocrystals (CNCs) by grafting a temperature-responsive hydrophilic polymer,
poly(N-isopropyl acrylamide). Manipulation of CNCs maintained in an unaggregated state
requires specific and complex procedures. There was a need for a robust protocol before
facing the specific aspects of CNC activation and /or polymerization mediated by radiation
treatment and the subsequent stages for isolation and purification of the resulting
nanomaterials.

The surface functionalization of cellulose-based substrates via radiation-induced graft
polymerization (RIGP) has been identified very early as a clean and efficient method to
enhance or to impart new properties to various types of bio-based materials treated in many
different physical forms (powders, fibres and fabrics, pulp and paper, films and membranes,
molded thermoplastics, ...) (Chapiro, 1962). Since the very early reports on RIGP, the basic
understanding has been gradually enhanced while methodologic improvements have been

made available to exert a better controll over the procedures. Technical and environmental



advantages (Guthrie, 1974 ; Garnett, 1979; Stannett, 1990; Wojnarovits et al., 2010) as well
as potential economic benefits (Aoki et al., 2013) continue to arouse much attention from
academic and industrial researchers. Radiation processing is indeed particularly suited for
activating polymers via the generation of free radicals which can initiate polymerization from
activated or activable “trunk” polymers according to one of the following processes.

Basically, three synthetic approaches mediated by high energy radiation can lead to free
radical graft polymerization (Nasef and Giiven, 2012; Bhardwaj et al., 2014). The main
differences between these methods arise both from the chemical transformation induced
during the irradiation stage and the composition of the medium surrounding the substrate to
be grafted. In pathway (a) of Scheme 1, the selected radiation, most commonly gamma
radiation and electron beam (EB), interact simultaneously with the substrate and the
surrounding medium which contains the monomer. This results in the mutual grafting of the
two components. The pre-irradiation method (pathway b) consists in irradiating the substrate
in vacuum or an inert atmosphere followed by immediate or delayed immersion into a
monomer solution or in pure liquid monomer. In the variant based on peroxidation (pathway
¢), pre-irradiation is conducted in the presence of oxygen, generally in air, or in oxygenated
media, to convert free radicals formed in zones in contact with oxygen into peroxides and
hydroperoxides (Solpan et al., 2010). This provides a simple route to generate polymer-bound
initiators which can be decomposed on command by thermal activation or by reaction with
appropriate reductive agent to trigger the graft polymerization under inert conditions. Free
radical formed in crystalline domains may persist for long periods within the irradiated
material. These trapped free radicals can contribute to the delayed initiation of
polymerization by thermal activation or by solvent diffusion, both factors having a positive

effect on the mobility of monomer towards active centers, and vice versa.
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Scheme 1. Sketch representing the three basic graft polymerization methods onto MCC, using high
energy radiation: simultaneous or mutual grafting method (a), and pre-irradiation methods with
generation of long-lived C-centered free radicals in an inert atmosphere (b) and peroxidation in
oxygenated media (c).

These three methods present specific advantages and drawbacks which have to be considered
for selecting the best option. However, they are all subject to the same constraint of
minimizing the radiation dose to preserve the basic properties of the substrate by limiting the
scission of cellulose chains (Ershov, 1998; Takacs et al., 1999; Iller et al., 2002). The pre-
irradiation method is preferred when it is advantageous to implement separately, in time
and/or space, the radiation activation from the grafting stage. Active centers generated within
the substrate can be stored for rather long periods of time by storage at low temperature.
Peroxidation is relatively simpler to achieve since it does not require high-vacuum operations
or deoxygenation and conditioning of the substrate with the use of inert gases.

Recent advances in this domain include the introduction of controlled free radical
polymerization as a new approach of radiation- mediated grafting processes (Barsbay et al.
2007, Barsbay and Giiven, 2019), the development of the concept of admicellar

polymerization (Ulman and Shukla, 2015) and the application of RIGP to nanomaterials, such



as track-etched membranes with grafted nanopores (Clochard, et al., 2010) and surface-
grafted nanoparticles (Kumar et a., 2014; Fu et al., 2020; Giiven, 2021).

From a technological perspective, RIGP methods have been adapted to upgrade cotton and
more generally cellulose-based textiles (Shahid-ul-Islam and Faqgeer, 2015), or to elaborate
natural fibers and fabrics possessing retention properties for various types of pollutants or
industrial by-products, in view of environmental applications or recycling (Seko et al. 2005;
Sharif et al.,, 2013; Othman et al.,, 2019). Radiation-induced graft polymerization
(Bhattacharya and Misra, 2004) has also been considered as a method to modify natural
fibres with various types of functionalities or graft polymers improving the performance of
composite materials associating theses upgraded fibers with thermoplastics ot thermosets
(Rodriguez et al., 1979; LeMoigne et al., 2017; Tataru et al., 2020). The modification of
microcrystalline cellulose (MCC) has been achieved by mutual grafting of monomers in
conventional organic solvents (Madrid and Abad, 2015) and in ionic liquids (Hao et al.,
2009). However, this method is known to induce the formation of homopolymer and, more
problematically, suffers from a lack of spatial control over the locus of initiation, while our
ultimate goal is to modifiy the surface of CNCs with a LCST polymer, to confer switchable
hydrophilicity to the grafted nanoparticles.

This is why we have explored in this study the peroxidation pathway, using MCC as an easy
to handle substrate to evaluate more specifically the possibility to induce NIPAM
polymerization by a Fenton reaction under various experimental conditions including pre-
irradiation dose, NIPAM concentration and temperature of the grafting medium. Particular
attention was paid to the impact of radiation on the crystalline structure of MCC and on the
effect of temperature of the graft polymerization stage, since the extent of grafting process
and the resulting morphology might be affected by the solution properties of the grafted

chains.



Experimental part

Materials

The cellulosic substrate was purified microcrystalline cellulose (MCC) known as Avicel
PH101 and commercialized by Sigma Aldrich, France. It was used in its original form, a
white powder with an average particle size ca. 50 um. Commercial poly (N-isopropyl
acrylamide) with a number-average molecular weight approximately 40 000 was purchased
from Sigma Aldrich France. N-isopropyl acrylamide and Mohr’s salt (ferrous ammonium
sulfate hexahydrate) were reagent grade chemicals from Alfa Aesar, France.

To test the grafting protocol on nanocellulose materials, CNCs were prepared and isolated
from ramie fibers. The starting raw fibers were bleached and submitted to sulfuric acid-
catalyzed hydrolysis according to the method described previously (Hambardzumyan et al.,
2012). After repeated purification, CNCs were obtained as an aqueous suspension with a
solid mass content 2.45 wt-%.

Irradiation of Cellulose Starting Materials

Electron beam irradiations were performed at Ionisos (Chaumesnil, France) using a 10 MeV,
33 kW Linac accelerator at a time-average dose rate of 15 kGy s™'. Samples were treated at
doses ranging from 10 to 50 kGy, in one or two passes, so as a single pass does not exceed 25
kGy to limit undesirable effects due to the raise in temperature during the treatment.
Simultaneous grafting experiments were carried out on test tubes containing the desired
amount of MCC (0.5 g) with 25 mL of NIPAM aqueous solution (0.1, 0.5 or 1 M). The tubes
were thoroughly deaerated by flushing Ar for 30 min and closed with a septum under Ar flow
before irradiation.

Peroxidation pretreatments were applied to MCC samples sealed into plastic bags in presence

of air (10 g per sample bag). CNC samples were irradiated as aqueous suspensions of the



purified nanoparticles diluted to reach a concentration of 1 wt-%. The solutions were
conditioned by 10 mL volume units poured into 25 mL Pyrex test tubes tightly closed in the
presence of air. The test tubes were irradiated at 50 kGy (2 passes of 25 kGy). Irradiated
samples were stored at -50°C and reconditioned at RT about 2 h before starting the grafting
reaction.

Graft polymerization on peroxidized cellulose

In a typical experiment, a stock solution (75-80 mL) of NIPAM (from 0.1 M to 1.0 M) with
0.4 mM of Mohr’s salt in deionized water was prepared and in poured into a 100 mL-
cylinder. The cylinder was purged with gaseous nitrogen for 15 minutes to eliminate oxygen
before use. A sample of irradiated MCC (0.5 g) was placed in a closed ampule which was
purged with a nitrogen flow for 60 s. The desired volume of deoxygenated stock solution of
monomer and Mohr’s salt (50 mL) was transferred into the ampule without contact with air
by using a syringe and needle. NIPAM polymerization was therefore initiated by the redox
decomposition of peroxides, and allowed to proceed under vigorous stirring at a temperature
of 27 °C or 50 °C, with monomer concentrations ranging from 0.1 M to 1.0 M and reaction
time up to 300 min. The reaction was stopped by equilibrating the reaction vessel open in
contact with air at ambient temperature. The purification of grafted MCC was carried out by
centrifugation at 10,000 rpm for 15 min. The isolated precipitate was redispersed in pure
water under stirring for 30 min, and subject to centrifugation and filtration. The purification
cycle was repeated three times to ensure the total elimination of ungrafted NIPAM
homopolymer. The sediment isolated from the ultimate purification stem was dried in an
oven at 40 °C to constant weight.

Elemental Analysis

The mass content in C, H and N was determined by elemental analysis a Thermo FLASHER

1112 series equipement calibrated with 2,5-bis(tert-butyl-benzoxazole-2-yl)thiophene and



sulfanilamide as standards. Unmodified cellulose material as well as poly(NIPAM)-grafted
cellulose were oven-dried at 60°C for 1 day before analysis. Duplicate measurements were
performed for each sample. The reported data are the corresponding average values.
Characterization by Fourier-Transform Infrared Spectroscopy (FTIR)

Oven-dried samples of unmodified MCC, MCC-grafted poly(NIPAM), and poly(NIPAM),
were incorporated with dry KBr powder (200 mg) to obtain a concentration of approximately
1 wt-%. The two solids were carefully mixed and pressed to form disk-shaped pellets. Mid-
infrared spectra were recorded in transmission mode on a Nicolet FTIR spectrometer by
accumulating 32 scans with a resolution of 4 cm™'.

Crystallinity of cellulosic materials

The degree of crystallinity of initial and poly(NIPAM)-grafted materials was determined on
oven-dried samples using an X-ray powder diffractometer (PANalytical, X’Pert PRO MPD
PW 3040/60) operating with Ni-filtered Cu Ka radiation (A = 0.15418 nm). Diffraction data
was collected at 50 kV and 120 mA. Each sample was scanned nine times with 26 values
ranging from 10° to 50°. The crystallinity index (yc) of unmodified and MCC-grafted
poly(NIPAM) was calculated using the Segal equation (Park et al., 2010):

X = Ty00 = Lam x100%

c
1 200

Equation 1

where Ixoo is the maximum intensity of the peak maximum at a 20 value of 22.7°, and Lim
represents the intensity of the baseline at 26 value of about 18.0 °.

Imaging of Materials by Scanning Electron Microscopy

The surface morphology of unmodified MCC and poly(NIPAM)-grafted MCC was examined
using a Field Emission Scanning Electron Microscopy (FESEM) by Zeiss Supra 55VP

model, equipped with energy-dispersive X-ray spectrometry (EDX). All samples were dried



and outgassed prior to sputter-coating with platinum, and then analysed at an accelerating
voltage of 2 kV in low vacuum mode.

Energy Dispersive X-ray Spectroscopy (EDX)

Elemental composition of the surface of unmodified and poly(NIPAM)-grafted MCC samples
was performed on a CLEO 1455 VP — SEM Energy-dispersive X-ray spectrometer fitted on
the SEM for mapping the surface of the samples.

Thermogravimetric analyses

Thermogravimetric analysis (TGA) was performed on oven-dried samples of unmodified
cellulosic starting materials, poly(NIPAM)-grafted MCC, and poly(NIPAM) was performed
on a thermal analyzer from TA Instruments (TGA 2950) under nitrogen flow. Samples of ca.
10 mg were heated up to 600 °C at a heating rate of 5 °C min™.

Application of the pre-irradiation peroxidation and graft polymerization protocol to cellulose
nanocrystals (CNC)

A measured volume of irradiated CNC suspension (10 mL) was transferred into an ampule
and closed tightly for purging with gaseous N> to ensure an inert atmosphere. In another
closed beaker, 1.0 M NIPAM solution with 0. 4 mM Mohr’s salt was prepared and purged
with under N> flow for 10 minutes. The deoxygenated monomer solution (10 mL) was then
transferred to the ampule containing the CNC suspension to perform graft polymerization.
The reaction took place in a water bath at 27 °C under continuous stirring. After 60 min, the
ampule was opened in the air to stop the reaction. The grafted CNCs were purified by doing 3
cycles of centrifugation (10k rpm, 20 min), then the CNC suspension was mixed with 30 mL
of ultrapure water and transferred to dialysis tube (membrane cut-off 12-14 kDa). Dialysis
was continued for 3 days, the water changes 3 times per day. After grafting, the dried
modified CNS were easily redispersed in cold ultrapure water to the desired concentration.

Turbidimetry



The turbidity of unmodified and grafted CNC suspensions in water was determined by
measuring the transmittance with a Cary 50 UV-visible spectromer equipped with a thermally
regulated cell holder. The samples were diluted to 0.1 % in ultrapure water and placed in 1
cm-long suprasil cuvette. Transmittance measurements were performed from 400 to 900 nm
at temperatures ranging from 25 °C to 55 °C with a 2°C interval. The samples were
maintained for 5 minutes at the measurement temperature to allow equilibration before
recording the transmittance. A cooling ramp from 55°C to 25°C was then applied in the same

conditions for evaluating the reverse process.

Result and Discussion

Preliminary tests confirmed the anticipated merit of the peroxidation method (Scheme 2) in
comparison with the simultaneous method performed by 10 MeV EB-irradiation of MCC immerged
in N»-saturated aqueous monomer solutions (0.1 - 1 M of NIPAM, and 0.4 M Mohr’s salt) at doses
between 10 and 50 kGy (Mohamad, 2019). In the conditions we used (see Experimental section) the
simultaneous or grafting method produced large amounts of homopolymer which increased the
viscosity of the liquid phase, which alters the conditions on graft-polymerization from the surface.
After modification, the MCC particles were still isolated and well-dispersable in aqueous media,
likely as a consequence of favorable steric repulsion. However, the presence of homopolymers
induces risks of pollution of the grafted material by adsorption on the substrates, and reduces the

efficiency of the purification step.

The pre-irradiation procedure allowed for better control over reaction temperature, smoother initiation
from the substrate’s surface and higher uniformity of composition for the reaction medium under
continuous stirring. All these factors seemed to be favorable in terms of grafting efficiency measured

after extensive purification from unreacted monomer and ungrafted polymer (homopolymer).

NIPAM graft-polymerization from peroxidized MCC

10



A more sytematic study of essential experimental parameters was therefore conducted to define a
proper set of conditions. MCC samples were irradiated with the 10 MeV electron beam accelerator in
the presence of air, at doses of 10 and 50 kGy. As a result, free radicals formed at the surface of the
particles and in the amorphous zones in contact to oxygen rapidly react to form peroxides or

hydroperoxides.
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Scheme 2. Sketch representing the three steps NIPAM graft polymerization methods using electron
beam pre-irradiation.

After irradiation, the samples were stored at -50°C to limit the thermal decomposition of peroxides.
The test experiments were performed with 0.5 g of MCC peroxidized after treatment at various doses.
The overall number of anhydroglucose units (AGU) present in the test samples was approximately 3
mmoles. The amount of Mohr’s salt present in each grafting solution was set constant to 20 pmoles,
whereas NIPAM was introduced in various quantities, between 5 and 50 mmoles in the 50 mL
grafting solution. Assuming that the number of peroxides and free radicals present in the irradiated
MCC substrates are at least two orders of magnitute lower than the number of AGUs, the mole ratios
between these reagents would be comparable with those of free radical polymerization conducted in

aqueous media with the Fenton’s reagent (Brockway and Moser, 1963; Ferguson and Eboatu, 1989).

We planned to perform grafting reactions at different temperatures, a parameter which may have a
complex influence on the course of the chemical modification. Firstly, the redox decomposition of

peroxides is thermally activated (Aygun et al., 2012), at least up to temperatures of 40-50°C, inducing

11



faster reactions mediated by the produced HO" radicals. The mobility around the C-centered radicals
occluded within the crystalline domains of MCC can also increase by combined effects of temperature
and hydration, hence increasing the number of initiation sites on the substrate. Once polymerization
has generated poly(NIPAM) macromolecules as grafts or as free homopolymer, the LCST behavior at
temperatures above 32°C, would result in the collapse of Pol(NIPAM) chains on the cellulosic

substrate and on the formation of poly(NIPAM) aggregates in the aqueous medium.

The grafting experiments were thus conducted on substrates peroxidized at 2 irradiation doses, reacted
at 2 temperatures, 27 and 50°C, with 3 values for the initial content in NIPAM (Fig.1). The upper
limit for the irradiation dose was set to 50 kGy to avoid important chain scission on MCC and to
maintain its structural properties (Henniges et al., 2012; Polvi et al., 2012), while the lowest dose was
selected from the sufficient irradiation dose to initiate graft polymerization with acceptable accuracy
on the dose and on its effects on the substrate. The gradual increase of the amount of grafted
poly(NIPAM) was monitored for each reaction condition for 4 reactions times, up to 2 or 4 h, for Fig.

1 a-c and Fig. 1-d, respectively.

Determination of the amount of grafted poly(NIPAM) by elemental analysis

The amount of polyNIPAM grafted onto MCC substrate was determined by elemental
analysis after extensive purification. To eliminate unreacted monomers, residual Fenton’s
reagent and homopolymer, the raw products were treated by an iterative purification
preocedure. The purified MCC-grafted polyNIPAM was then dried for further analysis. The
absence of nitrogen in MCC was confirmed from elemental analysis of the untreated
substrate, whereas it is maesured above the detection threshold for grafted MCC samples
(Table 1).

Since nitrogen element in the grafted samples can only originate from poly(NIPAM) with a single N
atom per N-isopropyl acrylamide unit the wt-fraction of poly(NIPAM) can be calculated from

the centesimal content in N atom, using equation 2, where numerical factors, 113.6 and 14

12



correspond to the rounded values of molecular weight of the NIPAM unit and the mass of 1

mole of N atoms, respectively.

Poly(NIPAM) content (wt-%) = N content (wt-%) X % Equation 2

13



Table 1 - Elemental composition of the starting MCC material and of a selection of isolated

poly(NIPAM)-grafted MCC ® obtained under various experimental conditions.

Elemental composition

Poly(NIPAM)

Sample [NIPAM] Reaction time Amount
p concentration | and temperature | Carbon | Hydrogen | Nitrogen (WE-%)
(Wt-%) | (Wt-%) | (wt-%) 7
Unmodified MCC
- - 42.1 6.4 0.0 0
Grafted MCC )
1M 60 min — 27°C 51.0 8.0 5.9 47.7
Grafted MCC )
1M 120 min — 27°C 51.0 8.1 7.8 63.0
Grafted MCC
1M 180 min — 27°C 49.0 7.4 6.9 55.6
Grafted MCC
1M 240 min — 27°C 56.3 8.8 8.8 71.1
Grafted MCC ]
1M 60 min — 50°C 51.0 8.0 6.0 48.5
Grafted MCC )
1M 120 min — 50°C 49.0 8.1 5.7 46.1
Grafted MCC )
1M 180 min — 50°C 52.8 7.4 4.7 38.0
Grafted MCC )
1M 240 min — 50°C 44.1 8.8 6.6 533
Grafted MCC )
0.1 M 30 min — 27°C 423 6.5 0.0 0
Grafted MCC )
0.1M 60 min — 27°C 44.9 6.7 0.4 32
Grafted MCC )
0.1 M 90 min — 27°C 46.9 7.2 0.3 24
Grafted MCC )
0.1 M 120 min — 27°C 42.8 6.73 0.4 32

¥ Peroxidized MMC (0.5 g) after 50 kGy irradiation; [Fe**]o = 0.4 mM; total solution volume

50 mL.

Influence of reaction parameters on the extent of grafting

The calculated amounts of grafted poly(NIPAM) were used to correlate the extent of grafting

to the tested experimental conditions, as shown in the collected results of Fig. 1.
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Fig. 1 - Effect of grafting reaction parameters on the amount of grafted poly(NIPAM) on MCC for
various durations: reaction temperature of 27 or 50°C for a MCC substrate irradiated at 50 kGy and 1
M initial concentration in NIPAM (a), absorbed dose of radiation (10 or 50 kGy) for grafting at 27°C
in presence of 1 M NIPAM concentration (b), and NIPAM concentration (0.1, 0.5 and 1 M) after
grafting at 27°C of a MCC substrate irradiated at 50 kGy (c).
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A first observation of importance appears from the overall results. For a given set of
conditions, the variations due to an increase in reaction time higher than 60 min are lower
than the variations measured by changing the initial composition of the reaction mixture.
Among the 28 tests along a 2 to 4 h-long grafting process, longer reaction times induced a
slight but measurable increase in poly(NIPAM) content. This was not observed only in two
particular experiments (Fig. 1-a, time = 180 min) which might have been affected by an
uncontrolled factor leading to smaller grafting efficiencies, yet not too much away from the
general trend. We can conclude that grafting essentially takes place at very beginning of the
reaction. This might be due to a rapid depletion in peroxides at the surface or to the saturation
of the surface rendering the grafting process less efficient after a critical value (Sha et al.,
2014).

The bar graph of Fig. 1-a shows the amount of grafted poly(NIPAM) in modified MCC along
a reaction conducted at 27 or 50°C, for a MCC substrate pre-irradiated at 50 kGy and placed
in a 1 MNIPAM solution. We can see that the extent of grafting are almost identical at
shorter reaction times. At longer times, the increase in graft polymer is limited, but seems
higher for the reaction contacted below the critical temperature. This may be explained by the

anticipated collapse of grafted chains at the higher temperature (Gil and Hudson, 2004). This

15



likely forms a barrier isolating the aqueous monomer solution from the peroxides and free
present in the MCC.

With respect to the dose effect on MCC peroxidation, we can see from Fig. 1-b that
increasing the dose from 10 to 50 kGy typically enhances the amount of grafted
poly(NIPAM) by a factor comprised between 1.5 and 2.1 It is interesting to note here that a
rather small dose in terms of polymer processing (10 kGy) allows for the formation of
significant levels of surface grafts, while limiting the risks of degradation for the substrate.
Finally, the effect of monomer concentration on the amount of grafted poly(NIPAM) is
presented in Fig. 1-c for a substrate peroxidized at 50 kGy and a grafting temperature of 27
°C. Three levels of concentration were studied with high (1.0 M), medium (0.5 M) and low
(0.1 M) NIPAM concentration as a function of reaction time-, for a constant content of

Mohr’s salt (0.4 mM).

FTIR spectrometry analysis

The MCC-grafted polyNIPAM were characterized by FTIR spectroscopy to identify the
spectroscopic signature of the poly(NIPAM) grafts (Fig. 2). For the purpose of comparison,
unmodified MCC samples show a strong absorption band at 3350 cm™!, which corresponds to
the O-H stretching-mode, a smaller one at 2899 cm’! for the C-H from the methine and
methylene groups of glucose units, and while absorbed water and some C=0O vibration are
responsible for the band at 1645 cm™. C-O and C-C vibration can see at peaks 1080 and 1043
cm’'. This pattern is typical for cellulose fingerprint in the mid infrared spectral domain
(Cichosz and Masek, 2020). Four characteristic groups of new bands are observed in the
spectrum of poly(NIPAM)-grafted MCC (Fig. 2). A broad absorption centered at 3080 cm™!
corresponds to the N-H stretching of a secondary amide which overlaps the O-H elongation

band from the cellulose substrate, the strong asymmetric C-H stretching from methyl groups
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(2970 cm!) and weaker C-H symmetric stretching (2874 c¢cm-1), the amide I and II bands at
1637 and 1519 cm’!, respectively, and the N-H bending band at 1520 cm™'. These peaks were
also observed in the spectrum of poly(NIPAM) spectra recorded in the same conditions,

confirming its presence on the cellulosic substrate (Shah et al., 2013; Gobeze et al. 2020).
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absorbed water | |
H-bonded ~_ ! :
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Fig. 2 — Transmission FTIR spectra of poly(NIPAM) (top), unmodified MCC (middle) and
poly(NIPAM)-grafted MCC with poly(NIPAM) content of 63 wt-%, all analyzed in KBr pellets.

Influence of pre-irradiation and grafting on the crystal structure of MCC
The analysis by X-ray powder diffraction was performed at first to observe the changes in the
crystal structure resulting from the radiation treatment applied before the grafting process and

those due to the graft polymerization itself. A semi-quantitative assessment was based on the

degree of crystallinity.
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The diffractograms presented in Fig. 3-a for an untreated MCC and for samples treated in a
slightly hydrated state (equilibrated at 45-50 % relative humidity) with doses of EB radiation
ranging from 20 to 100 kGy show very similar diffraction patterns with peaks at 14 °, 16° and
22° corresponding to (11 1), (110) and (0 0 2) crystallographic planes, respectively. The
three peaks attributed to the presence of different allomorphs of cellulose (Nishiyama et al.,
2002). The crystallinity index was calculated from each diffractogram using a method based

on the measurement of of peak heights (Park et al., 2010).
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Fig. 3 — X-Ray diffractograms recorded from powder samples of MCC irradiated under EB in solid
state for doses ranging from O to 100 kGy (a), isolated poly(NIPAM)-grafted MCC with
poly(NIPAM) content between 3.2 and 26.6 wt-% (b).

The calculations do not reveal any significant effect resulting from the radiation treatment.
After grafting, the effects of the chemical modification of MMC structure as well as the
presence of amorphous poly(NIPAM) grafts were evaluated using three different samples
with distinct amounts of graft polymer (3.2, 14.5 and 26.2 wt-%, starting from a sbustrate

peroxidized with a 50 kGy dose. The diffractograms shown in Fig. 3-b and the corresponding
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crystallinity indices indicate a slight decrease of crystallinity when the amount of grafted
poly(NIPAM) increases (CI varying from 89.5 to 87 %) for the 2 higher levels of grafting,
whereas the sample with very low poly(NIPAM) content apparently shows a higher
crystallinity, but the diffrences may not be significant. The slight decrease in crystallinity can
be mainly explained for higher poly(NIPAM) contents, by the amorphous nature of the grafts
which contribute to the halo under the diffraction pattern. We conclude that the radiation-
induced preatreatment and subsequent grafting modification do not significantly affect the

crystallinity of the core cellulosic substrate.
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Surface morphology

The surface morphology of MCC before and after graft polymerization was observed by field
emission scanning electron microscopy coupled with energy dispersive x-ray diffraction
(EDX). MCC-grafted polyNIPAM with 77.8 wt. % was used to compare it with unmodified
MCC, as shown in Fig. 4. SEM micrograph of a sample of MCC reveals the very rugged
surface of the original cellulosic substrate. After grafting, we clearly see that the valleys have
been filled and that peaks are smoother, yet showing the typical background structure of the
original topographic profile. This accounts for the rather high content in grafted
poly(NIPAM).

The EDX spectra reproduced at the bottom of Fig. 4 for modified MCC samples confirmed
the presence of nitrogen together with carbon and oxygen. Integration of EDX mapping
provides an estimate the average nitrogen content on the surface of grafted MCC and to
compare it with carbon and oxygen atoms (data in Fig. 4). The nitrogen content determined
by EDX was approximately twice as low as the value measured by elemental analysis (9.4
wt-%), yet well present in the analyzed sample. This may be due to local variations on the
amount of graft chains. The distribution of carbon and oxygen however showed a similar
pattern while nitrogen mapping appears also quite uniformly present on the surface.
Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed under nitrogen flow to compare the
thermal stability of a modified MCC sample containing 37 wt-% of grafted poly(NIPAM) to
the basic constituants, commercial poly(NIPAM) and MCC. The recorded thermograms

together with the corresponding derivative plots are shown in Fig. 5.
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"Microcrystalline cellulose (MCC)

Atom composition (wt-%)
Samples Carbon Oxygen Nitrogen
Microcrystalline cellulose (MCC) 54.4 41.9 0
Poly(NIPAM)-grafted MCC 59.2 30 3.8

Fig. 4. SEM micrographs (top) and EDX mapping of element composition for N, C, and O atoms
(bottom) on the surface of unmodified MCC (left) and grafted MCC with a poly(NIPAM) content of
77.8 wt-% (right).

Poly(NIPAM) was found to be thermally more stable than the two other materials, showing a
maximum decomposition rate at a temperature of 426 °C, while MCC was comparatively the
least thermally stable, with an onset temperature for degradation at 319 °C. Poly(NIPAM) and
MCC, as homopolymers, present a single and monotonous degradation profile as a function
of temperature. Poly(NIPAM) degrades extensively, without significant pyrolytic residue at
500°C. The 2 materials containing cellulose yield a residue representing 10 + 2 % of the

original sample at this temperature. This is probably due to the propensity of cellulose

materials to form carbonaceous materials by pyrolysis under non-oxidative conditions.
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Interestingly, the modified MCC with 37 wt-% of poly(NIPAM) exhibits a hybride
degradation profile which is undestandable on the basis of the composition in the
constituants. The characteristic temperature maximum of each stage of the grafted MCC does
not correspond to the one observed in derivative plots of the pure constituents. This feature
supports the existence of close molecular interactions between the components in the grafted
materials. The shift observed in our system is even greater than the one reported for similar

systems composed of cellulose and poly(NIPAM) (Zeinali et al., 2018; Zoppe et al., 2010).
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Fig. 5. Thermogravimetric curve of the weight loss and its derivative plot for unmodified MCC,
Poly(NIPAM), and poly(NIPAM)-grafted MCC samples (37 wt-% of poly(NIPAM)).

Radiation-induced peroxidation and graft polymerization of NIPAM onto CNCs

We have used CNCs prepared from ramie fibres using the protocol established previously
(Hambardzumyan et al., 2012). The basic modification protocol described in the previous
sections for MCC modification was tentatively applied to freeze-dried CNCs. The
peroxidation stage is easily achieved but it was impossible to redisperse the dry material to

obtain a suspension of individual nanoparticles. We have therefore considered the option to
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perform the peroxidation on the aqueous suspension. We report here our preliminary results
obtained from suspensions with 1.0 wt-% CNCs submitted to 10 kGy irradiation in the
presence of oxygen. The irradiated CNC sample were then used for graft polymerization.

The reaction was carried out for CNCs using 1.0 M of NIPAM reacted at 27 °C under
nitrogen atmosphere for 60 min. Then, the CNCs suspension was purified by centrifugation
and dialyzed for three days. Elemental analysis allowed to determine the nitrogen content and
to deduce the fraction of poly(NIPAM) in the isolated grafted CNC (Table 2).

Table 2 - Elemental composition of the starting CNC material and after graft-polymerization of
NIPAM?

Elemental Carbon Hydrogen Sulfur Nitrogen Poly(NIPAM)
Composition (wt-%) (wt-%) (wt-%) (wt-%) amount (wt-%)
Unmodified

CNC 41.4 6.1 0.9 0 0
Poly(NIPAM)-
44.1 i v 1. 15.2
grafted CNC? 6 0 ? >

9 Synthesized by pre-irradiation at 10 kGy, and grafting with 1 M NIPAM solution at 27°C for 60
min.
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Fig. 6. Temperature-dependance of the turbidity (0.1 wt-% of dry matter in water, 1 cm-optical path)
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at 400, 500 and 600 nm of poly(NIPAM)-grafted CNC suspension (15.2 wt-% of poly(NIPAM)
content) at temperatures ranging between 25 and 55°C in comparison with the suspension of purified
CNC:s (graph a-c) and resulting values of the contrast A between turbidity values at the 3 wavelengths.

The temperature-reponsiveness of the modified CNC was assessed by turbidimetry in a
temperature interval around the critical solution temperature. The unmodified CNC
suspension exhibits a low level of turbidity which is independent on temperature in the
domain of interest. The presence of sulfate groups originating from the hydrolytic preparation
of CNCs catalyzed by sulfuric acid provides electrostatic stabilization via a sufficient density
of negative charges. To prepare well-defined characterization protocols in the perspective of
our future work focused on CNC modification, we have examined the light scattering
properties of the CNC original and modified suspensions at 25 to 55 °C. The turbidity values
were measured at three different wavelengths, 400, 500 and 600 nm, during the heating and
the cooling. We have defined the constrast at the different wavelengths as the average
differences (A = (Turbidity)a.40-s5°c - (Turbidity)a2531°c) were calculated at these wavelengths
(A). The turbidity at 400 nm shows the highest contrast value, as shown in Fig. 6-d. The
turbidity starts to develop at approximately a temperature of 32 °C to reach a maximum
above 50 °C. The milky appearance is due to the aggregation of grafted-CNCs, the behavior
being dominated by the loss of hydrophilicity of the poly(NIPAM) grafts. The phase
transition observed are reversibly demonstrated from the heating and cooling. Thus, these

observations confirm the presence of polyNIPAM grafts at the CNC surface.

Conclusion

The graft polymerization of N-isopropyl acrylamide onto the MCC surface was successfully
achieved by radiation-induced graft polymerization. The grafted cellulosic particles were
thoroughly purified from unreacted monomer and ungrafted poly(NIPAM) by repeated

washing, centrifugation and final filtration. The amount grafted poly(NIPAM) can be
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quantified by elemental analysis. The extent of grafting can controlled by irradiation dose,
monomer concentration, reaction temperature, and reaction time. Our experiments allow to
conclude that graft polymerization proceeds efficiently at 25°C with cellulosic substrates
peroxidized by EB-irradiation in the presence of oxygen for doses as low as 10 kGy, while a
dose of 50 kGy enhances the extent of grafting without considerable damage to the crystalline
structure of MCC. At the concentration of 0.4 mM in ferrous ions, peroxidized MCC initiates
efficiently the graft polymerization of NIPAM introduced in concentrations between 0.1 and
1 M in 30 min to 1 h. This allows to conduct the grafting reaction at RT, without need for
heating. In such conditions, the collapse on the substrate of grafted poly(NIPAM) chains with
LCST properties is avoided. The grafting process can progress until gradual saturation of the

substrate’s surface by water solvated chains.

Grafting is evidenced by news bands in FTIR, particularly the amide I and amide II
fingerprint at 1430 cm™! and 1543 cm™!, respectively. The thermal stability of MCC increased
by grafting, and X-ray diffractograms did not reveal a strong decrease of the substrate
crystallinity after graft polymerization. SEM micrographs did not show significant changes in
the general aspect and morphology of the MCC particles. However, the presence of nitrogen,
uniformly distributed over the surface, is observed by EDX, indicating the presence of

immobilized and embedded poly(NIPAM) at the particle surface and in the pores.

Based on these results, have applied the pre-irradiation graft polymerization initiated by
Fenton reaction to CNCs. To avoid the agreggation of CNC manipulated in a solid and dry
state, we have adapted our protocol by using radiation-peroxidized CNCs as aqueous
suspensions. The competitive formation of homopolymer initiated by decomposition of
hydrogen peroxide generated by the irradiation of aqueous CNC solutions cannot be avoided

by this technique, but purification procedures seem satisfactory.
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Our future work will aim at the synthesis of poly(NIPAM)-grafted CNCs with varied graft
contents and at the study of their basic properties for comparison with similars nanoparticles
prepared by more conventional methods (Azzam et al. 2016; Zoppe et al., 2010, Du Le et al.,
2019). The influence of radiation dose on the crystallinity of the peroxidized nanoparticles
should be considered as a specific point of interest, since the nanostructure should be far
more sentitive to the defects generated by the direct and indirect effects of radiolysis. The
precise quantification of the number of peroxides and hydroperoxide functions on the
irradiated cellulosic materials would be very useful to optimize the radiation treatment, to
define appropriate storage conditions for their preservation and to control the substrate

materials before radiation grafting. We are currently progressing on these different points.
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