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Abstract: The purpose of this study is to synthesize grafted Bacterial Cellulose (BC) nanofibers using Atom Transfer Radical
Polymerization (ATRP) reinforced into poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogel matrix. Nanofibers grafting
polymerizations were conducted in the presence of the catalyst CuCl/CuBr and the initiator 2-bromoisobutyrylbromide (2-
BiBr). Degrees of substitution (DS) of BC-macroinitiators were quantified using both elemental analysis and gravimetric
method. FTIR results confirmed BC nanofibers’ surface modifications of both initiator and hydroxyethyl methacrylate
(HEMA) grafts. X-ray spectroscopy further confirmed the increase in carbonyl content after PHEMA-grafting polymerization.
Results of the gravimetric analysis showed an increase in the weight of the grafted BC upon increasing reaction time.
Furthermore, the change in the swelling ratio percentages of the reinforced composites product (BC-MI-3-g-PHEMA-1.5)
was considerably higher based on reaction time. Slight increase in the swelling ratio of BC-MI-3 nanofibers was observed
after 48 hours to reach 31 %. Moreover, results of thermal gravimetric analysis (TGA) demonstrated that decomposition
temperature at 50 % weight loss (T50) decreased to 350 oC for BC-MI-3-g-PHEMA-1.5. These characteristics demonstrate
potentials for applications in the biomedical fields including drug delivery and wound care. 
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Introduction 

As previous studies have shown, 2-hydroxyethyl methacrylate

(HEMA) is polymerized using different methods such as free

radical [1], anionic [2], and controlled/living polymerization

[2-4]. For many years, free radical polymerization has been

the simplest and most widely used technique on an industrial

scale. This is due to the simple radical generation and the

applicability to various monomers containing different functional

groups [3]. In addition to homo- or block polymerizations of

HEMA, Robinson et al. [4] studied the high efficient

controlled polymerization of HEMA by ATRP in methanol/

water mixtures. Reining et al. [5] investigated the formation

of HEMA via ATRP as a block copolymer. This is comprised of

a poly(ethylene oxide) (PEO) macro-initiator in ethylene

glycol where their polymerization proceeded in a controllable

gradient to high monomer conversions. Recently, Malmstrom

and Carlmark [2], prepared HEMA via ATRP at different

temperatures of 50 and 70
oC using CuCl as a catalyst in a

70:30 methyl ethyl ketone (MEK)/n-propanol mixed solvent.

However, results reported of polymerization had poor living

characteristics. Despite the previous studies, cellulose grafted

PHEMA polymerization in a solvent has not been studied

sufficiently. Cellulose-graft-PHEMA copolymers can be useful

in drug delivery applications because of their biocompatibility

and biodegradability. Over the past decade, the modification

of cellulose for developing new material such as hydrogel

has received increasing attention [2,6]. This is because

cellulose is one of the most abundant polymers found

naturally on earth; it can be found in plant cell walls and also

can be produced by bacterial strains of Gluconacetobacter

xylinus. BC nanofibers are less than 50 nm in diameter and

highly crystalline, being made up of a bundle of cellulose

microfibrils that in turn consist of semi-crystalline cellulose

chains. The Young’s modulus and tensile strength of BC

nanofibers are around 138 GPa and 2 GPa respectively,

which is comparable to those of high strength aramid fibers.

The thermal expansion coefficient in the axial direction is as

small as 0.1×10
-6 K-1. These remarkable properties for BC

nanofibers make them an excellent material for engineering

high strength composites [7-9]. Recently, Atom Transfer

Radical Polymerization (ATRP) has been one of the most

studied among controlled radical polymerization techniques.

Wang and Matyjaszewski [10] in addition to Kato et al. [11]

used copper based catalysts for ATRP that was conducted

with a halogen as the transferable atom. This polymerization

was further developed by Boutevin [12] through an additional

reaction in which a transition metal catalyst acted as a carrier

of the halogen atom in a reversible redox process [13].

Controlled polymerization techniques such as ATRP and

reversible addition fragmentation chain transfer (RAFT)

polymerization are particularly attractive for the preparation

of polymers with narrow polydispersity and controlled

molecular weight. They offer control over chain-ends so their

reactions are described as controlled/“living” polymerization.

In the “grafting from” approach, polymerization is directly

initiated from initiator-functionalized or an RAFT-agent

functionalized surface [14]. Hence, surface initiated controlled/

living radical polymerization is a versatile and powerful

technique. It can be used for surface modification of various

substrates such as gold, silicon wafers, carbon nanotubes,

and polymer membranes [15]. The most extensively used*Corresponding author: ydahman@ryerson.ca
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modification technique involves a covalent graft polymerization

method that occurs in two forms: “grafting to” and “grafting

from” for membrane coatings. However, the “grafting from”

approach is preferable because it enables a higher graft

density while still preserving control over the polymer

architecture and coating thickness. In a previous study,

Dahman and Oktem [16] successfully grafted PHEMA onto

BC nanofibers using free radical polymerization with prior

acetylation. However, free radical polymerization is known

to provide little control over the structure of polymer grafts.

In the present work, PHEMA was grafted onto BC by ATRP

to attain better control over the grafted polymer chain.

Experimental

Materials

All the following chemicals were purchased from Sigma-

Aldrich and used as received: 2-hydroxyethyl methacrylate

(HEMA), 2-bromoisobutyryl bromide (2-BiBr) as initiator,

tetrahydrofuran (THF), pyridine 99.8 % anhydrous, 2,2'-

bipyridyl (bpy), catalyst CuCl, CuBr2 99 %, BC nanofibers

were produced using the bacterial strain Acetobacter xylinus

BPR2001, which was purchased from American Type

Culture Collection (ATCC).

Synthesis Nanostructure Biomaterials 

Nanostructured biocomposites samples were synthesized

through the following three main steps: Synthesis of BC

Nanofibers, surface modification of BC nanofibers, and

grafting of PHEMA on the surface of the nanofibers.

Synthesis of BC Nanofibers 

Green BC nanofibers were produced via Separate Hydrolysis

and Fermentation (SHF), depending solely on the renewable

resources of agricultural residues as feedstock. Wheat straw

was used as the fermentation carbon source where it was

pre-treated with 1 % diluted sulfuric acid. Resultant hydrolysate

solution was adjusted to the proper fermentation conditions

and then inoculated with Acetobacter xylinus bacteria. The

course of BC fermentation production lasted for 7 days. The

solution was then treated with excess NaOH at 100 oC for

cell lysis. Five runs of repeated washing and centrifugation

extracted the produced nanofibers. Stock solutions of the BC

nanofibers were stored as a suspension solution with a

concentration of 42 g/l [9].

Synthesis of the Macro-Initiator BC-Br

BC nanofibers were transferred into THF by a stepwise

solvent exchange (water-methanol-acetone-THF). In 125 ml

round bottom flask, 1 ml of pyridine was added to 25.2 mg

of BC in 35 ml of THF and then cooled in ice under stirring.

0.22-0.89 ml (50-200 mM) of 2-bromoisobuturyl bromide

was diluted in 5 ml THF and cooled in ice prior the drop-

wise addition to the reaction flask. The reaction mixture was

left under stirring at room temperature for 2 hours. Finally,

the mixture was washed with deionised water, and the

obtained BC macro-initiator was stored at room temperature

in deionised water until further use.

Graft Copolymerization of HEMA onto BC Macroinitiator

The grafting technique was conducted according to the

procedures outlined in the literature [17]. Copolymerization

of HEMA monomers onto BC macroinitiator in 15 ml of

H2O (50 vol %) and 15 ml of HEMA were mixed in the

presence of a catalyst of 55 mg (3.05 mmol) of CuCl, 36 mg

(1.98 mmol) of CuBr2, and 244 mg (13.54 mmol) of bpy

were added while continuously stirring BC in the reactor

under N2 atmosphere. All grafting experiments were conducted

on BC nanofibers of the degree of substitution (DS) ~1. An

aqueous suspension of BC macroinitiator with a known

concentration was transferred to 200 ml of THF by the

stepwise solvent exchange. The polymerizing reactor was

conducted in a 500-ml glass vessel equipped with a reflux

condenser and stirring speed of 300 rpm through a pitched

blade impeller fixed to a shaft (Heidolph PR 30 and 39;

Schwabach, Germany). Heidolph PR 30 and 39 had propeller

diameters of 58 mm and 75 mm, respectively, and were

driven by a Heidolph RZR 2020 motor. The initiator was

allowed to interact with the BC macroinitiator for 15 min at

60 oC using an oil bath, followed by the addition of HEMA

monomers of required initial weight (200 % w/w). Atomic

Transfer Radical Polymerization was continued for 6 hours

at 60 oC under nitrogen. Sample BC-g-PHEMA-2.0 (2 % w/w

monomer to cellulose ratio, Table 4) was the reinforcing

element at different initial concentrations of 0.5, 1.0, 1.5,

and 20 % (w/w) with respect to the HEMA monomer. The

final product was molded in the form of sheets of few

millimeters thickness. 

Analytical Methods 

SEM/EDS Analysis 

Scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDS) analyses were performed to

characterize functionality and grafting of the nanofibers. The

samples were vacuum dried on aluminum SEM holders and

analyzed by JEOL/OE equipment model JSM-6380 LV

(Oxford Instrument, UK-software version SEI England)

with a monochromator (Al X-ray source) to avoid charging

on the surface. All nanofiber samples were sputter coated

with a conductive layer of gold (5-7 nm). The samples were

then analyzed with a magnification of ×10k for cellulose

nanofibers. The SEM with an acceleration voltage of 2 kV

beam voltage was used on less than 1 mm2 to ensure a higher

surface sensitivity of the polymer fibers and to generate

high-resolution images.

Gravimetric Measurement 

The gravimetric analysis method was conducted to quantify

the change in BC nanofibers weights due to grafting with
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PHEMA. The percentages of grafting for different samples

(G%) were quantified as the weight of BC grafted with

PHEMA relative to the weight of BC macroinitiator, as

listed in Table 4. Weights of the nanofibers were measured

using a high precision scale (0.0001 g precision). All samples

were dried at 80 oC for 24 hours in an oven until constant

weight was obtained (no moisture content) before taking

weight measurements.

Fourier Transform Infrared Spectroscopy (FTIR)

The surface of macroinitiator samples was examined by

ATR-FTIR (Attenuated Total Reflectance Fourier Transform

Infrared spectroscopy). Nicolet Nexus 8700 FTIR Spectro-

photometer (Thermo Electron Corporation) was fitted with a

“Smart Orbit” Attenuated Total Reflectance (ATR) accessory

containing a diamond crystal internal reflection element with

a resolution of 4 cm
-1, the number of scans 64, and mirror

velocity of 0.6329 cm-1. Macroinitiator samples were placed

active face down on the ATR crystal and held in place by a

clamp. FTIR spectra were recorded in 5 individual scans at

2 cm-1 resolutions in the 500-4000 cm-1 interval. 

Swellability Measurements 

The swelling ratio (SR) of the BC-g-PHEMA was measured

using the weights method (before and after immersion in

water) [18]. Specimens (dimensions of 1×1 cm) were immersed

in distilled water at room temperature to study swelling at a

minimum of three samples (tested for each material). The

weight increase was periodically assessed for 2 days.

Samples were taken out of the water and the wet surfaces

were immediately wiped with dry filter paper and then re-

immersed. Then the SR was calculated using equation [19].

(1)

where WD is the initial weight of the dry film and WS is the

weight of the water-swollen film.

Thermal Gravimetric Analysis 

Thermal gravimetric analysis (TGA) was performed to

study the thermal degradation behavior of the nanocomposites

samples. The TGA was carried out using Shimadzu TGA 50

analyzer equipped with the platinum cell. All samples were

heated at a constant rate of 10 oC/min from room temperature

to 600 
oC. This was conducted on 10 mg of each sample

under a nitrogen flow of 20 ml/min. Thermal stability factors,

including initial decomposition temperatures (Tonset), the

temperature of maximum rate of degradation (Tmax) and

decomposition temperature at 50 % weight loss (T50) of the

BC macroinitiator (BC-MI-3) and its grafted samples at

different reaction times was determined from the TGA. 

Results and Discussion 

Figure 1 summarizes the reaction mechanism of BC

nanofiber-based macroinitiator and BC grafted-PHEMA.

The BC nanofiber macroinitiators with different numbers

of initiating sites were synthesized by direct acylation of

BC nanofiber. According to the reaction mechanism, the

macroinitiator BC-Br was used to initiate the polymerization of

HEMA on the BC nanofiber hydroxyl groups using 2-BiBr

in the presence of THF/Pyd mixture [20-23]. Subsequently,

the HEMA was grafted on the BC nanofibers using CuCl,

CuBr2, bpy H2O at 60 oC. The amount of initiator has significant

effect to form BC-graft-PHEMA with a considerable weight

gain resulting from PHEMA grafting. The grafting of PHEMA

chains on the BC macroinitiator led to substantial changes

on the degree of substitution of macroinitiator [23].

SEM images in Figure 2 demonstrates that the diameter of

BC nanofiber is comparatively small as compared to their

length, indicating that the BC nanofibers are of high aspect

ratios. Nonetheless, the BC after being polymerized by

PHEMA displays different fibers orientations and relatively

smooth surface (polymerized PHEMA). In addition, the

SEM images revealed that the nanofibers are interacted at

the interfacial area, and therefore are exhibited entirely

different in dispersion from the original BC nanofibers [23,

24]. 

Grafting reaction parameters on the surface of BC using

ATRP were analyzed in this study. An experiment was

designed to investigate the effect of the concentration of 2-

BiBr on the degree of substitution of OH groups in BC. The

reaction time was chosen as 2 hours to ensure efficient

mixing. The concentration of 2-BiBr was chosen to be in the

range of 0 to 200 mM using 50 mM increments. Upon

washing with water, it was found that all samples formed a

suspension in water. The sample that had 200 mM of 2-BiBr

agglomerated. The samples were subjected to SEM/EDS

analysis in an attempt to quantify the degree of substitution

of 2-BiBr [25].

The effects of x-ray electron dispersive spectroscopy are

presented in Table 1. In general, the % elemental bromine

increased as the concentration of 2-BiBr increased. The

samples were transferred into THF by the stage-wise solvent

SR %( )
WS WD–( )

WD

------------------------ 100×=

Figure 1. Reaction scheme representing BC nanofibers surface

functionalization and grafting.
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exchange. The sharp deviation of elemental Br percentage

from the sample BC-MI-3 (from 0.19 to 0.10 % Br) may be

due to the insufficient water removal during the process.

This can be related to the competition between water and

hydroxyl groups that impacts the esterification reaction with

2-BiBr in the aforementioned reaction scheme. The solvent

exchange was the only factor overlooked in this experiment.

DS was calculated using equation (2) below. Mainly, this

equation is the inverse of equation (3) that represents the

elemental bromine content (%Br). Results for DS are

summarized in Table 1.

(2)

 

(3)

where DS is the degree of substitution, MPF is the number

of cellulose chains per fiber and MS is the number of

cellulose chains on the fiber surface. In order to evaluate

some of the parameters is equation (2), a number of BC

nanofibers bundle have been characterized by x-ray electron

dispersive spectroscopy. Diameter of BC nanofibers bundles

were in the range of 50-60 nm, and the cross-sectional area

occupied by a BC nanofiber bundle in the crystal lattice of

0.317 nm2. Accordingly, the scale up would be to have 1000

cellulose chains with total MPF of 400 on the surface per

each fiber (MS). With a length of one cellulose molecule,

there are 1200 OH groups on the surface [26]. 

Figure 3 shows the EDS survey spectrum of BC-MI-3,

where the large peaks observed at 529 eV and 285 eV

correspond to oxygen 1 s and carbon 1 s, respectively. Whereas

the small peak that is hardly visible at 70 eV corresponds to

bromine 3d [26]. The presence of this peak was ascertained

by a high-resolution scan in the bromine 3d region, as shown

in the inset of Figure 3. The previous finding confirms the

binding of bromo-initiator to BC nanofibers [27].

Figure 4 illustrates that elemental bromine content

percentage increased rapidly with the increase in 2-BiBr

concentration. However, the degree of substitution appeared

to decrease sharply at 150 mM of 2-BiBr to reach 10 % Br.

This was attributed to the effect of many parameters such as

temperature, solubility, and water removed from 2-BiBr during

DS
11%BrMPF

MS 100 6%Br–( )
----------------------------------------=

%BR
100 MS× DS×

MPF 6 5+( ) 6MS+ DS×
---------------------------------------------------------=

Figure 2. SEM images of BC macroinitiator (BC-MI-3) and grafted

BC nanofibers (BC-MI-3-g-PHEMA) (magnification of ×10k).

Table 1. EDS elemental analyses results of BC macroinitiators BC-MI-n (n:1-4) prepared at different 2-BiBr concentrations at room

temperature 

Sample ID
Reaction time 

(h)

BC 

(mg)

Amount of 2-BiBr Pyridine 

(ml)

THF 

(ml)

C O Br DS

(ml) (mM) (%)

BC - - - - - - 53.26 46.74 - -

BC-MI-1 2 25.2 0.223 50 1 35 55.07 44.80 0.14 0.04

BC-MI-2 2 25.2 0.470 100 1 35 55.76 44.02 0.19 0.05

BC-MI-3 2 25.2 0.668 150 1 35 55.28 44.63 0.10 0.03

BC-MI-4 2 25.2 0.890 200 1 35 56.96 41.79 1.26 0.35
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the reaction processes. The literature data for surface

modification of BC nanofibers demonstrates that there is a

linear relationship between the concentration of 2-BiBr used

for BC functionalization and the degree of substitution

related to the bromine element content [27]. In the present

study, the same linear relationship was obtained when 2-

bromoisobuturyl bromide was reacted with BC. With a

molecular weight of 229.9 g/mole, compared to the molecular

weight of acetic anhydride of 102.09 g/mole, 2-BiBr

molecule is more bulky. Its penetration into the core of BC

nanofibers would be less favorable or limited, especially for

amorphous regions of the cellulose. Further experimental

research is required to investigate the dynamic reaction of 2-

bromoisobuturyl bromide with BC nanofibers. Also, the 2-

bromoisobuturyloxyl group contains more carbon than oxygen.

Therefore substitution of 2-bromoisobuturyl bromide on the

surface should result in an increase in elemental carbon and

a decrease in elemental oxygen; see Table 1. This observation

indicated that this change may have corresponded to confirm

the immobilization of the initiator on BC nanofibers. Carlmark

and Malmstrom [19] used electron spectroscopy (ESCA) to

analyze different patches of BC that were treated with 2-

bromoisobuturyl bromide. They observed that when a new

batch of BC contained larger BC shredded (i.e., particles), a

shift occurred in the concentration of 2-BiBr, required to

increase BC hydrophobicity. Results in Table 2 demonstrate

that BC macroinitiator remained hydrophilic and formed a

suspension in water at a concentration of 200 mM of 2-BiBr. At

400 mM of 2-BiBr, BC macroinitiator was hydrophobic and

formed spherical clumps in water. Results from EDS

demonstrated that BC-MI-3 has low DS of ~0.03 as a result

of low percentage of Br element, and therefore possess

fewer OH groups. Meanwhile, BC-MI-4 shows an increase

in DS to ~0.35, which demonstrated more OH groups have

been esterified to form BC-macroinitiator. These results are

consistent with Shen and Huang [28] who initiated BiBBr to

cellulose diacetate in solution prior to grafting with poly(methyl

methacrylate) (PMMA). They also reported a decline in the

concentration of OH groups upon higher amount of initiator

used.

The formation of BC macroinitiator (BC-MI-3) and its

grafting with PHEMA were confirmed by FTIR in Figure 5.

This was demonstrated by the carbonyl ester group stretching

band of the 2-bromoisobutyrate group at 1730 cm
-1 (see

Table 3). This doesn’t appear in the control spectrum of the

BC nanofiber. Moreover, the intensity of this corresponding

(C-O ester) band increased in the spectrum of BC-MI-3-g-

PHEMA than that in BC-MI-3 (Figure 5(A)), confirming the

increase in the degree of substitution. Symmetric C-H

stretching vibrations for C-H group was corresponding at

2830 cm-1. The sharp peak at 3380 cm-1 in the spectra of BC-

MI-3-g-PHEMA is confirming the presence of hydroxyl

group. It is also clear that there is no significant shift in

carbonyl group band, as observed by the pristine BC.

Moreover, the appearance of stretching band of (C-O) ester

group in the range of 1000-1200 cm-1 in the spectrum of BC-

MI-3-g-PHEMA, is another evidence for the involvement of

HEMA in polymerization reaction on the surface of BC-MI-

3 [29]. Studies for the substitution of 2-bromoisobuturyl

bromide on cellulose fibers, done by Carlmark and Malmstrom

[19] reported the failure of analyzing full substitution of the

hydroxl using FTIR was due to the layer of Bromo-ester groups

was very thin. In compared to the ATR-FTIR measurement that

utilizes thickness on the micrometer scale. On the other

hand, Gang et al. [30] reported band intensity increase in

alpha-bromo substituted carbonyl stretching at 1730 cm-1, as

reaction time increase. This work was conducted on cotton

Figure 3. EDS survey spectrum scan of BC macroinitiator (BC-

MI-3) with inset showing high resolution Br-3d.

Figure 4. Change in elemental bromine content percentage at

different concentrations of 2-BiBr.

Table 2. Synthetic parameters of two samples of BC macroinitiators at

two different concentrations of 2-BiBr

Sample 

ID

Time 

(h)

BC

(mg)

Total 

volume

(in THF)

(ml)

Pyridine 

(ml)

2-BiBr Concentration

(mM) (ml)

BC-MI-2 2 4.0 200 12.5 400 10

BC-MI-3 2 4.0 200 12.5 200 5
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fibers (structurally contains cellulose repeated units) subjected

to a reaction with 2-bromoisobuturyl bromide. This finding

matches the current study as described in Figure 5(A). 

Similarly, the FTIR spectra for both initiators BC-MI-2

and BC-MI-3 in Figure 5(B) showed four characteristic

bands at 3200, 2800, 1730, 1000 and 500 cm-1. These peaks

are assigned to the stretching of hydroxyl O-H, C-H, C=O,

C-O and C-Br, respectively. As seen in Figures 5(B) and 6,

BC-MI-2 spectrum showed a clear increase in C=O stretch

at 1730 cm-1 compared to the macroinitiator that was

synthesized using concentration twice as low as that of 2-

BiBr. Furthermore, the spectrum of BC-MI-3-g-PHEMA

showed a drastic increase in C=O stretching at 1730 cm-1.

This was due to the grafting of BC with PHEMA for 1 hour

compared to the BC macroinitiator used to initiate the

grafting.

Results of the gravimetric analysis are illustrated in Figure

6 as well as in Table 4. Examining Figure 6 reveals the

percentage of weight increment over time of BC macroinitiator

due to grafting by PHEMA relative to the weight of unreacted

BC macroinitiator. Table 4 summarizes results for the change

in the weight of BC nanofibers, grafted with PHEMA

relative to the weight of BC macroinitiator. At similar

conditions and parameters of grafting, results in Table 4

demonstrates that the increase in reaction times resulted in

increasing values of nanofibers’ grafting percentages.

Table 4 summarizes changes in weight percentages of BC

grafted-PHMEA at different reaction times. Results in Table

4 shows that weight of BC grafted with PHEMA relative to

the weight of unreacted BC macroinitiator (G%) increased

with the increase in reaction time. This represents higher

yield obtained up to ~153.3 % with higher reaction time of

1.5 hours. Alternatively, in a previous work by Pulat et al.

[31], they confirmed that the growing polymer chains via

uncontrolled free radical polymerization have resulted in

termination reactions after short period of time. Consequently,

grafting yield of HEMA obtained was as low as 47.6 % after

2 hours.

Figure 6 demonstrates the change in weight percentage of

grafted BC nanofibers (BC-MI-3-g-PHEMA) as a function

Table 3. FTIR peak assignments as arose in Figures 5 and 6

Functional group
Experimental

(cm-1)

Book [29]

(cm-1)

Paper [28]

(cm-1)

νC=O (ester) 1730 1730-1750 1720

νC-H (alkanes) 2800-2830 2850-3000 -

νC-O (ester, ether) 1000-1200 1000-1300 1200

νO-H (alcohols) 3200-3380 3200-3650 3320

νC-Br 500-600 <667 550

Figure 5. (A) FTIR spectra of free BC nanaofibers, BC

macroinitiator (BC-MI-3) and BC grafted with PHEMA (BC-MI-

3- PHEMA) and (B) FTIR spectra of two BC macroinitiators

samples (i.e., BC-MI-2 and BC-MI-3) that were prepared at

different 2-BiBr concentrations of 200 mM and 400 mM,

respectively.

Figure 6. The change in weight percentage of grafted BC

nanofibers (BC-MI-3-g-PHEMA) as a function of grafting reaction

time.
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of grafting reaction time. A linear fit would indicate that

there was a controlled polymerization process, however

gravimetric analysis is not sufficient to confirm the controlled/

living nature of ATRP [32]. Further examination of Figure 6

reveals that logarithmic fit would most likely represent the

present system. This can be due to many constraints such as

the short reaction time combined with the diffusion limitations

for both catalyst and monomer imposed by the particle-like

nature of BC shreds. This would yield longer graft polymer

chains on the outside, and shorter graft polymer chains on

the inside of a BC shred. In this case, the utilization of a

more effective mixing technique at the beginning of the

reaction would help to obtain a linear fit to results in Figure

6. This trend is similar to the study conducted by Kalial et al.

[33] who studied the surface modification of natural fibers

through chemical treatments. In their study, they examined

different reaction parameters such as monomer concentration,

reaction time and types of catalysts to achieve maximum

grafting of ethyl acrylate on the sunn hemp fibers.

A fit linear equation is consistent with the gravimetric

measurements obtained by Carlmark and Malmstrom [19]

for poly(methyl acrylate) (PMA) grafted filter paper by

ATRP. After 1 hour of reaction time, the weight of BC was

doubled, while the maximum increase in the weight of filter

paper was approximately 20 %. 

Swelling analysis was performed to evaluate the water

retention ability of the BC-MI-3 and the PHEMA grafted

samples. The change in the swelling ratio percentages of the

BC-MI-3 nanofibers (as a reference) and BC-MI-3-g-

PHEMA-1.5 are presented in Figure 7. After a relatively fast

water uptake during the first hour, the water absorption

slightly decrease, which is leading gradually to a plateau

behavior after 24 hours. However, the BC-MI-3-g-PHEMA-

1.5 showed a considerably highest swelling ratio based on

reaction time, specifically 144 % and 172 % after 30 hour

and 48 hours, respectively. This is attributed to the BC

amorphous regions with an enhance the grafting efficiency.

The increase in grafting reaction time affects positively on

the swellability of BC grafted PHEMA [21,22]. Moreover,

the hydrolyzed grafted samples contained the hydrophilic

functional group (-COOH), which increased the swelling

and water uptake for polymer grafted nanofibers. Therefore.

The PHEMA retained in the BC is strictly related to the

improvement in the swelling ratio [23,34]. This trend is an

agreement with a functional groups that shown on FTIR

analysis. The increased water retention capacity of the

modified BC grafted with PHEMA would find several

biomedical applications such as wound healing and topical

drug delivery. 

Thermogravimetric analysis was carried out as a function

of reaction time (at 0.5, 1.0, and 1.5 hours) to evaluate the

thermal stability and degradation profile of grafted BC

nanofibers with respect to BC-MI-3 as a reference. The

relationships between residual weights with temperatures

are shown in Figure 8(A). The thermal stability is quite an

important aspect in several applications. This includes

applications when materials are exposed to high temperatures

such as during sterilization process of biomedical materials.

As shown in Figure 8(B), slight degradation was observed at

100
oC and continued to a maximum temperature of 400 oC.

The PHEMA grafted nanofibers were consistently less

stable than BC-MI-3 as degradation was clearly observed at

200 oC while it was observed for the non-grafted BC-MI-3

reference sample at 300 oC. Furthermore, the amount of loss

in nanofibers’ weights due to degradation increased in Figure 8

as PHEMA grating increased. These results demonstrated

that introducing of PHEMA grafts had a negative impact on

the thermal stability of BC nanofibers that led to increasing

Table 4. Gravimetric analysis results for changes in weight percentages of grafted BC nanofibers (BC-MI-3-g-PHEMA) at different reaction

times 

 Samples
H2O+BC

(ml)

HEMA

(ml)

CuCl

(mg)

CuBr2
(mg)

bpy

(mg)

Reaction time 

(h)

Sample dry 

weight (mg)
G* (%)

BC-MI-3 - - 0 30 -

BC-MI-3-g-PHEMA-0.5 15 15 103.1 67.5 457.5 0.5 47 56.7

BC-MI-3-g-PHEMA-1 15 15 103.1 67.5 457.5 1 67 123.3

BC-MI-3-g-PHEMA-1.5 15 15 103.1 67.5 457.5 1.5 76 153.3

*G (%): weight of BC grafted with PHEMA relative to the weight of unreacted BC macroinitiator.

Figure 7. Change in swelling ratio of BC macroinitiator (BC-MI-

3) and its grafted sample (BC-MI-3-g-PHEMA-1.5) as a function

of time.
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the degradation in general. The temperature at 20 % residual

weight loss (T20%) slightly decreased from 335 oC for the

ungrafted BC-MI-3 to 220 
oC after grafting (i.e., BC-MI-3-

g-PHEMA-1.5). This can be attributed to the hydrophilic

nature of the PHEMA grafted chains. Accordingly, total

weight loss at 550 
oC decreased with increasing PHEMA

chains grafted on the nanofibers (Figure 8(A)) [35].

Tonset, Tmax and T50 of the BC-MI-3 and its grafted samples

are summerized in Table 5. As shown in Table 5, the

decomposition temperature at the 50 % weight loss (T50) of

the reference non-grafted nanofibers (BC-MI-3) occurs at

370 
oC and rapidly decreased until 350 oC for the other

samples of higher grafted percentages. In addition, the onset

degradation temperature (Tonset) of the pristine sample (BC-

MI-3) is higher than that of the grafted samples. As can be

observed in Table 5, the non-grafted sample BC-MI-3 has

Tmax of 390 oC, which decreased to 350 oC as a function of

increasing PHEMA grafts contents. This confirms that

introducing the PHEMA grafts resulted in decreasing the

thermal stability of the nanofibers. Moreover, increasing

graft reaction time has led to increasing the length of grafted

polymer branches, which weakens the network structure of

the polymer matrix [36]. The decrease in thermal stability of

grafted nanofibers has been reported previously in the

literature for cellulose substrates and lignocellulosic materials.

This has been attributed to the degradation of bromoalkyl

groups that induces cellulose degradation at lower temperatures

[37]. In a previous work, Paula et al. [38], prepared

nanocomposites of BC membranes grafted with acrylic

polymers through ATRP. Similarly, they observed that the

introduction of polymer grafts resulted in a decrease in the

thermal stability of the BC fiber membrane. 

Conclusion

ATRP is an effective technique for designing and preparing

multifunctional, nanostructured materials for a variety of

applications in biology and medicine. In the present work,

BC macro-initiators were prepared by the reaction of the

hydroxyl group of cellulose with various concentrations of

2-BiBr, followed by ATRP technique. The immobilization of

2-BiBr on the surface of BC was further confirmed by

gravimetric measurement, which showed a slight linear

increase in weight as the reaction time increased. The grafting

of PHEMA was also confirmed by FTIR and EDS analyses.

The PHEMA grafted BC nanofibers had a significantly

higher swelling ratio than ungrafted nanofibers. Furthermore,

the change in the swelling ratio percentages of the grafted

nanofibers improved with increasing reaction time. TGA

results revealed that the decomposition temperature at 50 %

weight loss (T50) decrease at 350 oC for the grafted nanofibers

(i.e., BC-MI-3-g-PHEMA-1.5), while remarkably increased

at 370 
oC for (BC-MI-3) nanofibers. Subsequently, the results

of this study present the successful use of BC nanofiber as a

host for grafting acrylic monomers such as PHEMA by

employing controlled radical polymerization techniques.

Further, the effect of the hydrophilic/hydrophobic behavior

of BC nanofibers can be tailored through the use of controlled/

Figure 8. The change in residual weight of BC macroinitiator

(BC-MI-3) and its grafted samples at different temperatures. 

Table 5. Thermal stability of BC macroimitator (BC-MI-3) and its grafted samples at different reaction times

Polymer
Tonset 

(οC)

T20

 (οC)

T50

(οC)

Tmax

(οC)

Weight loss at 

T50 (%)

Weight loss at 

Tmax (%)

Residual weight 

% at 550 οC

BC 245 296 327 330 34 27 4

BC-MI-3 290 335 370 390 38.0 42.0 18

BC-MI-3-g-PHEMA-0.5 270 265 345 370 36.0 38.0 16

BC-MI-3-g-PHEMA-1.0 250 240 340 375 34.0 39.0 13

BC-MI-3-g-PHEMA-1.5 255 220 350 350 37.0 37.0 11
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living radical polymerization methods. This substantial

study can be applied in a degradable hydrogel in drug delivery

systems and biomedical applications.
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