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Nowadays, functional materials based on renewable biore-
sources and environmentally friendly processes have
attracted considerable attention. Cellulose is the most
common organic polymer on earth, representing about 1.5 ×
1012 tons of the total annual biomass production, and is con-
sidered an almost inexhaustible source of rawmaterial. Cellu-
lose has fascinating structure and many attractive properties
such as renewability, biodegradability, biocompatibility, and
broad chemical-modifying capacity. It can be converted
into various cellulose-based materials (such as fibers, films,
membranes, composites, and biomedical materials) and has
been used formore than one hundred years byman. Recently,
the developments of new and “green” solvents for cellulose
have provided novel platforms to prepare various cellulose-
based materials through more efficient and environmentally
friendly processes. New frontiers such as nanocellulose also
offer great opportunities in the field of advanced and func-
tional materials. In addition, advancements in nanomaterials
and technologies are delivering rapidly new functional
cellulose-based materials containing nanoparticles over a
broad range of applications. The articles in this special issue
cover the recent and significant research activities about
cellulose-based functional materials.

Cellulose can be obtained from many natural resources,
for example, wood, plant, bacteria, and algae. Due to their
unique mechanical properties, the extracted cellulose-based
natural fiber or nanocellulose can be used as fillers to enhance
the properties of composite material. For example, cellulose
fillers have the potential of enhancing the composite proper-
ties of plastics formed using acrylonitrile-butadiene-styrene
(ABS), as well as increasing its biodegradation by organisms

and recyclable nature. In this special issue, K. Crews et al. in
the paper titled “Influence of Cellulose on theMechanical and
Thermal Stability of ABS Plastic Composites” deal with the
preparation and thermal stability of cellulose/ABS compos-
ites. They found that polymer dissolution was a useful tech-
nique for the improvement of cellulose-filled ABS compos-
ites. Y. Gao et al. in their paper titled “Preparation and Appli-
cation of Cationic Modified Cellulose Fibrils as a Papermak-
ingAdditive” presentmodified cellulose fibrils by reacting the
cellulose fibrils with 2,3-epoxypropyltrimethylammonium
chloride (EPTMAC). After cationization, surface charge den-
sity and zeta potential of the cellulose fibrils reversed, while
the surface morphology has no obvious change. The tear
index of paper sheets was improved by addition of CMCF.
In their paper titled “Long-Chain Alkylimidazolium Ionic
Liquid Functionalization of Cellulose Nanofibers and Their
Embedding in HDPE Matrix” C. Croitoru et al. report a new
method for cellulose nanofibers functionalization, by treat-
ment of the material at temperatures range of 25–35∘C
with electron-beam irradiated 1-hexyl-3-methylimidazolium
chloride ionic liquid. The functionalized cellulose nanofibers
present lower water vapor relative uptakes than the original
ones. In addition, the grafting moieties also improved adhe-
sion of the cellulose nanofibers to HDPE, thus contributing
to obtaining polymer matrix composites with improved
properties.

In the paper “Mechanical Properties of Oil Palm Shell
Composites” of this issue, J. Sahari et al. find that oil
palm shell (OPS) can improve the mechanical properties of
the composites. Due to the hydroxyl groups on the fibers,
the water absorption and moisture content of composites
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increased with increasing of OPS content. In the paper
“Schizophyllum commune Lipase Production on Pretreated
Sugarcane Bagasse and Its Effectiveness” of this issue, Schizo-
phyllum commune UTARA1 was used for lipase production
under solid state fermentation (SSF) of sugarcane bagasse
(SB) impregnated with used cooking oil medium. Y. C. Kam
et al. discussed its effectiveness in detail.

As well known, cellulose can be chemically modified
to yield cellulose derivatives. In the paper “Homogeneous
Esterification of Cellulose in the Mixture N-Butylpyridinium
Chloride/Dimethylsulfoxide” of this issue, L. El Hamdaoui et
al. deal with the homogeneous acylation of cellulose with p-
nitrobenzoyl chloride in a reaction medium composed of a
mixture of 1-butylpyridinium chloride and dimethylsulfoxide
(BPyCl/DMSO), in the presence of different bases and under
mild conditions. It was shown that cellulose esters with
different DS can be obtained by varying the reaction time
in a completely homogeneous synthesis. The products can
dissolve in some organic solvents such as DMSO, DMAc, and
DMF, depending on their DS values.

We hope that readers will benefit for their own knowledge
and research from this special issue.
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The present study deals with the homogeneous acylation of cellulose with p-nitrobenzoyl chloride in a reaction medium composed
of a mixture of 1-butylpyridinium chloride and dimethylsulfoxide (BPyCl/DMSO), in the presence of different bases and under
mild conditions. The preparation of cellulose p-nitrobenzoate depending on the reaction conditions, the influences of reaction
parameters such as the base type, and the types of cellulose (kraft andmicrocrystalline) on the products were investigated. Cellulose
p-nitrobenzoate with a degree of substitution (DS) in the range from 0.12 to 1.5 was accessible, with a low excess of reagent and for
a short reaction time. The cellulose esters were characterized by 1H-NMR, 13C NMR, and FT-IR spectroscopy, thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), and solubility tests.

1. Introduction

Cellulose is themost abundant natural polymer; its derivative
products have many important applications in fiber, mem-
brane, paper, polymer, and paint industries [1–3]. The struc-
ture of cellulose consists of both crystalline and amorphous
regions, and this construction makes it difficult to be
dissolved in normal solvents. Cellulose modification, under
homogeneous conditions, particularly esterification, has
received increased attention during the last several decades,
aiming for better conversion and distribution. The mostly
applied solvents in thismodification process areN,N-dimeth-
ylacetamide/lithium chloride (DMAc/LiCl) [4], a mixture
of dimethylsulfoxide (DMSO) and tetrabutylammonium
fluoride trihydrate (TBAF × 3H

2
O) [5], various ionic liquids

(ILs), namely, 1-N-butyl-3-methylimidazolium chloride
([Bmim]Cl), and 1-allyl-3-methylimidazolium chloride
([Amim]Cl) [6, 7]. The 3-methyl-N-butyl-pyridinium chlo-
ride and benzyldimethyltetradecylammonium chloride were
also investigated as a new kind of solvents for cellulose. The
ILs used have the ability to dissolve cellulose with a degree of
polymerization (DP) in the range from 290 to 1200 to a very

high concentration [8, 9]. Homogeneous esterification of
cellulose with acyl-1H-benzotriazole and 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride and
N-alkyl-2-halopyridinium salts as activating agents in
DMSO/TBAF was carried out. It has been found that N,N-
carbonyldiimidazole (CDI) is most effective regarding the
degree of substitution (DS) values [10]. In order to expand
the scope of ILs used for cellulose esterification and explore
the possibility of using nonimidazolium type of ILs, the
dissolution and homogeneous acetylation of cellulose into the
novel protic IL 1,5-diazabicyclo[4.3.0]non-5-enium acetate
([DBNH][OAc]) with a dispersing agent such as acetone,
acetonitrile, DBN, or DMSO under mild conditions were
reported [11]. Also, acetylation of xylan in [DBNH][OAc],
followed by acetic anhydride/1,5-diazabicyclo[4.3.0]non-5-
ene (Ac2O/DBN) and no cosolvent added, was investigated
[12]. Room-temperature ionic liquids, being considered as
desirable green solvents for a wide range of separation and
as reaction media for processes including catalysis, have
recently received significant attention [13, 14]. Synthesis
and structural characterizations of p-bromobenzoate and
p-phenylbenzoate of kraft and microcrystalline cellulose in
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[Bmim]Cl were carried out [15]. ILs are almost nonvolatile,
nonflammable, thermally stable, and reusable “green”
solvents. Particularly, used as reaction media, ILs have
several advantages such as enhancement of reaction rates,
improvement of selectivity and yields, or ease of recycling
catalysts [16, 17]. For example, acetylation of alcohols and
saccharides was conducted in a dicyanamide based ionic
liquid [18]. Because of their unique properties, ILs are
currently being explored as environmentally benign solvent
substitutes for traditional volatile organic solvents in a variety
of applications [19, 20].

In the present study, we describe the homogeneous esteri-
fication of cellulose in BPyCl/DMSO solvent system, applying
p-nitrobenzoyl chloride as acylation agent. The cellulose p-
nitrobenzoate obtained was characterized by means of FT-
IR, NMR spectroscopy, and solubility tests. Thermogravi-
metric analysis (TGA) was used for degradation and char
content information of the modified celluloses by measuring
the change in mass as a function of temperature. The
scanning electron microscopy (SEM) was used to monitor
the morphology changes. The main objective of this work
is to develop novel sustainable ionic liquid-based systems
(IL/cosolvent) with the capability to dissolve cellulose of
high molecular weight and to carry out the homogeneous
esterification of cellulose. In order to develop an efficient,
commercially and environmentally viable IL-based process,
recycling of ILs is of crucial importance.

2. Experimental

2.1. Materials. Commercial microcrystalline cellulose with
a degree of polymerization (DP ≈ 200) (Powder Aldrich
Chemical) and bleached kraft cellulose (DP ≈ 1200)
provided by Cellulose of Morocco Company were used as
initial cellulose. The cellulose was dried for 6 h at 60∘C until
constant weight before use. All other standard chemicals
were purchased from ACROS chemicals or Aldrich chemical
and used as is received without further purification. The
IL 1-butylpyridinium chloride (BPyCl) was synthesized in
accordance with the literature [6].

2.2. Synthesis of 1-Butylpyridinium Chloride. The pyridine (8,
21 g) and butane chloride (20 g) at a molar ratio 1 : 2 were
added to a round-bottom flask fitted with a reflux condenser
for 48 h at 80∘C with stirring. The solid is washed with ethyl
acetate (3 × 20mL) and dried under vacuum. The obtained
product (BPyCl) had a solid bright white color, yield 84%.
Synthesis of 1-butylpyridiniumchloride is shown in Scheme 1.

2.3. Dissolution of Cellulose in (BPyCl)/DMSO. Cellulose
(2 w%) was suspended in a mixture of 1-butylpyridinium
chloride/DMSO (70w/30w) in a round-bottom flask. This
mixture was stirred with a magnetic stirrer at 80∘C for a
maximum of 12 h.The solubility of cellulose in BPyCl/DMSO
mixture was checked visually.

2.4. Synthesis of Cellulose p-Nitrobenzoate (General Pro-
cedure). A mixture of cellulose (2 w%), 1-butylpyridinium
chloride/dimethylsulfoxide (70w/30w), p-nitrobenzoyl

N
Cl

+ Cl−
Δ N+

Scheme 1: Reaction scheme for the synthesis of 1-butylpyridinium
chloride.

chloride (5mol equivalent), and the base (5mol equivalent)
was heated in an oil bath to 80∘C and kept at this temperature
for 1.30 h. The reaction mixture was precipitated in 100mL
isopropanol. The obtained cellulose p-nitrobenzoate was
filtered and washed several times with methanol and then
dried at 40∘C in vacuum.

IR (KBr): 3378.66 cm−1 𝜐(OH), 2914 cm−1 𝜐(CH
cellulose), 1730 cm−1 𝜐(C=O ester), 1628 cm−1
𝜐(C=C), 1260 cm−1 𝜐(C-O), 1100 cm−1 𝜐(C-O-C),
1528 cm−1 𝜐(NO

2
), and 850 cm−1 𝜐(CN).

13C-NMR (DMSO-d
6
): 𝛿 = 60.5 (C-6), 𝛿 = 73–75.3

(C-5, 3, 2), 𝛿 = 83.5 (C-4), 𝛿 = 103 (C-1), 𝛿 = 130
(C-10), 𝛿 = 133.5 (C-8, 9), 𝛿 = 152 (C-11), and 𝛿 =
170 ppm (C-7).
1H-NMR (DMSO-d

6
): cellulose p-nitrobenzoate: 𝛿 =

7.3–8 (phenyl protons, 4H) and 𝛿 = 3.3–5 (protons of
kraft cellulose, 7H).

1H-NMR is usually convenient and is widely used for DS
determination of cellulose derivatives. The peaks for p-
nitrobenzoyl at around 7.3–8.2 ppm strongly overlap with
signals for the protons of the cellulose AGU in the range 3.3–
5 ppm. The partial DS value of the acetyl moiety among the
three OH groups can be inferred from the integration of the
13CNMR spectra of a solution of cellulose ester in DMSO-d

6
.

The DS of cellulose ester was calculated from the 1H-
NMR spectra [21] by equation

DS =
7𝐼phenyl

4𝐼AGU
, (1)

where 𝐼phenyl is the peak integral of phenyl protons at 7.3–
8.2 ppm and 𝐼AGU is the peak integral of protons of anhy-
droglucose unit at 3.3–5 ppm.

2.5. Spectroscopic Measurements. The chemical structure of
cellulose and cellulose ester samples was analyzed by FT-IR,
13C NMR, and 1H-NMR spectroscopy techniques.

FT-IR. A mass of 1mg of the substrate is crushed and mixed
with 50mg of potassium bromide KBr (99%). The obtained
powder is then pelletized under a pressure of 6 bars. The
spectra were recorded on Vertex 70 spectrometer at room
temperature. All spectra were recorded by accumulating 64
scans at a resolution of 4 cm−1 in the range of 4000 to
400 cm−1.

NMR spectra were acquired on a Bruker Advance
300MHz spectrometer with 16 scans for 1H-NMR and up to
81920 scans for 13C NMR at 60∘C in deuterated dimethylsul-
foxide (DMSO-d

6
) and a sample concentration of 60mg/mL.
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Scheme 2: General synthesis of cellulose p-nitrobenzoate.

2.6. Thermal Analysis. The analysis of the kraft cellulose and
grafted cellulose samples was performed using thermogravi-
metric analysis (TGA) on a simultaneous thermal analyzer
SETARAMLABSYS EVO (1F).The apparatus was continually
flushed with nitrogen. The 10 to 13mg samples were heated
from room temperature up to 600∘C in aluminum pan with
a constant heating rate of 10∘C/min.Three samples were used
to characterize each material.

2.7. Morphological Surface Analysis. SEM analyses were per-
formed with a FEI Quanta 200 microscope to observe the
morphology of cellulose and cellulose derivatives. Before
SEM analysis, the dried cellulose samples were coated with a
carbon layer to increase their conductivity. All samples were
examined using an accelerating voltage of 30 kV.

2.8. Solubility. The solubility of cellulose ester at room
temperature was checked in the following solvents: N,N-
dimethylacetamide (DMAc), dimethylsulfoxide (DMSO),
dimethylformamide (DMF), and water, considering a con-
centration of 0.02 g/mL solvent.

3. Results and Discussion

3.1. Synthesis of Cellulose p-Nitrobenzoate. Recently, the sol-
ubility of cellulose in various ionic liquids has been reported
[6, 22–24]. Even better cellulose solvents than the ILs with
chloride as their anion are ILs with acetate as an anion.
The homogeneous dissolution of cellulose in ionic liquid 1-
butylpyridinium chloride (BPyCl) with cosolvent dimethyl-
sulfoxide (DMSO) can be used to perform functionaliza-
tion reactions to introduce functionalities to the cellulose
backbone. As a model reaction, the esterification with p-
nitrobenzoyl chloride was chosen; since it is a regioselective
protection reaction for the more reactive primary hydroxyl
group. The cellulose p-nitrobenzoate could be used as raw
material for the preparation of other cellulose derivatives by
modification of nitro groups (NO

2
). The general reaction

scheme of the nitrobenzoylation is shown in Scheme 2.

3.2. Structure Characterization

3.2.1. FT-IR Spectroscopy. FT-IR spectra of the kraft cellu-
lose, the regenerated kraft cellulose, and the kraft cellulose
p-nitrobenzoate sample from (BPyCl)/DMSO are shown in

3500 3000 2500 2000 1500 1000

Grafted
cellulose (c)

Regenerated 
cellulose (b)

Cellulose (a) 

Wave number (cm−1)

Figure 1: IR spectra of kraft cellulose (a), regenerated cellulose, (b)
and grafted cellulose (c).

Figure 1. It can be seen that spectra (a) and (b) are quite
similar and no new peaks appear in the regenerated sample,
indicating no chemical reaction occurred during the cellulose
dissolution and regeneration processes. In other words,
(BPyCl)/DMSO is a nonderivatizing solvent for cellulose.
Spectrum (c) provides a clear evidence of acetylation by
showing the presence of some important peaks at 1730 cm−1
for (C=O) stretching ester, 1260 cm−1 for stretching of (C-
O), 3053 cm−1 for aromatic ring (C-H) stretching, 1628 cm−1
for aromatic (C=C) stretching, 3378 cm−1 for group (OH)
stretching of cellulose, 2914 cm−1 for (C-H) cellulose, and
1100 cm−1 for (C-O-C) asymmetric stretching and ring
asymmetric stretching for cellulose. The strong absorption
peaks at 1528 cm−1 and 850 cm−1 correspond, respectively,
to NO

2
symmetric stretching and (C-N) stretching. These

differential FT-IR results confirmed the reactions of esteri-
fication of cellulose by p-nitrobenzoyl chloride in a mixture
(BPyCl)/DMSO.

The results of the homogeneous reaction of cellulose with
p-nitrobenzoyl chloride (5 eq.) in a mixture (BPyCl)/DMSO
with 2% (w/w) cellulose were allowed to react at 80∘C.
Reaction conditions, DS values of the obtained cellulose
esters, and their solubility are summarized in Table 1.

Initial attempts at the homogeneous esterification of kraft
and microcrystalline cellulose in (BPyCl)/DMSO mixture
were carried out at 80∘C for 12 h without any base. The
obtained outcome was a black mixture, which indicates a
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Table 1: Reaction conditions, DS, and solubility for obtained cellulose p-nitrobenzoate.

Entry Cellulose type Base Reaction time (h) DSa Solubility
DMSO DMF DMAc H

2
O

1 Microcrystalline DMAP 1.30 0.4 + − − −

2 Microcrystalline Pyridine 1.30 0.23 + − − −

3 Microcrystalline Triethylamine 1.30 0.19 + − − −

4 Microcrystalline DMAP 3.0 1.50 + + + −

5 Kraft DMAP 1.30 0.35 + − −

6 Kraft Pyridine 1.30 0.19 + − − −

7 Kraft Triethylamine 1.30 0.12 + − − −

8 Kraft DMAP 3.0 1.42 + + + −

aDS was determined with 1H-NMR method.
+, soluble; −, insoluble.

degradation of the cellulose. No precipitated product resulted
from the addition of isopropanol, ethanol, or methanol to
the black mixture. This confirms again that the cellulose has
been degraded. It is assumed that the black color is caused
by a combination of the released hydrogen chloride and the
decomposition products of cellulose.

On another occasion, the esterification was performed on
(BPyCl)/DMSOmixture, using tertiary bases such as triethy-
lamine, pyridine, and 4-dimethylaminopyridine (DMAP)
and reducing the reaction time to 3 h with the intention of
capturing the released hydrogen chloride and suppressing the
degradation of cellulose.The findingwas that the brown color
replaced the black one.

The effect of reaction parameters such as reaction time
and base type on the synthesis of cellulose p-nitrobenzoate
in a mixture (BPyCl)/DMSO has been studied. The DS of
the products increases as reaction time prolongs (entries 1,
4 and 5, 8). Table 1 shows that, under conditions of 80∘C
and DMAP (5 eq.), the DS of the acylated product reaches
0.4 for microcrystalline cellulose and 0.35 for kraft cellulose
within a period of 1.30 h, whereas it increases to 1.5 and
1.42 within 3 h for the microcrystalline cellulose and kraft
cellulose, respectively.

Further investigation on the influence of the bases
was carried out (entries 1, 2, and 3) keeping the ratio of
p-nitrobenzoyl chloride to cellulose at 5mol equivalent,
and adding 5mol equivalent of various bases. The DS of
the obtained cellulose p-nitrobenzoate has reached 0.19,
0.23, and 0.4 for triethylamine, pyridine, and DMAP,
respectively. It is clear that, by using DMAP and pyridine,
the reactivity of acylation systems increases. This might be
due to the stabilization of the acylpyridinium ion, which
plays an important role in the catalytic cycle and results in
an increasing rate of the reaction.

The results presented in Table 1 also show that the DS
of kraft cellulose is lower than that of the MCC, and the
degree of substitution of obtained products increased with
decrease in the degree of polymerization. This is due to
the fact that, with the decrease in molecular weight, more
numbers of hydroxyl groups become available to undergo
esterification reaction giving higher DS values in comparison
to high molecular mass cellulose.These results suggest that it

is possible to control theDS value of cellulose p-nitrobenzoate
by controlling reaction time and the choice of the used base.
The three hydroxyl groups at the C2, C3, and C6 positions
exhibit various reaction activities. In fact, Figure 2 shows a
13CNMRspectrumof sample (4)with aDS of 1.5 inwhich the
signal at 170.2 ppm was attributed to the carbonyl carbon at
C-6, the signal at 167.4 ppm to carbon at C-2, and the signal at
166.2 ppm to carbon at C-3. Obviously, the nitrobenzoylation
reaction is favored at C-6, and the order of reactivity is C6-
OH>C2-OH>C3-OH.This result is similar to that observed
in [Amim]Cl solution [25].

3.3. Solubility. In this work, the solubility of synthesized
cellulose p-nitrobenzoate in a mixture ionic liquid/cosolvent
(BPyCl/DMSO), DMAc, DMF, DMSO, and water was inves-
tigated, and the results are summarized in Table 1. All esters
products are readily soluble in DMSO and insoluble in the
water, but the solubility of the ester in dimethylformamide
and N,N-dimethylacetamide depends greatly on the total DS
value.

3.4. Thermogravimetric Analysis. During the TGA study
of the thermal behavior of kraft cellulose, p-nitrobenzoyl
chloride, and cellulose ester (DS ≈ 1), the temperature was
increased from 25 to 600∘C, according to a heating speed
of 10∘C/min, and maintained constant at 95∘C for 15min
to remove adsorbed water. The results of the analysis are
summarized in Figure 3. The main thermal characteristics
from the TGA-DTG curves, such as the temperature of the
beginning of the degradation 𝑇

0
corresponding to 1% mass

loss, the temperature of maximum mass loss 𝑇max, and the
percentage of carbon residue (CR%) at𝑇max and at 400

∘C, are
given in Table 2.

Results of the TGA and the DTG represented in Figure 3
show that kraft cellulose (a) degrades between 280 and
360∘C and the speed of mass loss has a peak around 350∘C
(mass loss 42%). These results are consistent with those of
the literature [26–28]. The TGA and DTG spectra for p-
nitrobenzoyl chloride (b) can be decomposed into two zones.
The first one is located between 110 and 280∘C with a DTG
peak centered at 254∘C (mass loss 35%). The second zone,
which takes place between 280 and 375∘C with a maximal
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Figure 3:Thermogravimetric analysis TGA-DTG for kraft cellulose
(a), p-nitrobenzoyl chloride (b), and cellulose p-nitrobenzoate (c).

Table 2: Thermal characteristics of samples kraft cellulose (a), p-
nitrobenzoyl chloride (b), and cellulose p-nitrobenzoate (c).

Samples 𝑇
0
(∘C) 𝑇max (

∘C) CRa (%)
(at 𝑇max)

CRb (%)
(at 400∘C)

(a) 280 350 58 34
(b) 100 254–360 65–24 12
(c) 80 264 45 20
𝑇0: temperature of the beginning of the degradation to 1%mass loss.
𝑇max: temperature of maximum mass loss.
CRa (%): percentage of carbon residue at 𝑇max.
CRb (%): percentage of carbon residue at 400∘C.

mass loss speed at 360∘C (mass loss 76%), is related to slower
decomposition processes. The TGA and DTG curves of the
cellulose ester (c) are fundamentally different from those of
the other various constituents. DTG peaks observed for the
p-nitrobenzoyl chloride (254∘C and 360∘C) and the cellulose
(350∘C) disappeared. DTG peak of the final compound
presents only one main peak at 264∘C (mass loss 55%), at a

lower temperature than the main peak of decomposition of
the cellulose (350∘C) and at a temperature between the two
peaks of the p-nitrobenzoyl chloride. DTG peak of the cellu-
lose ester becomes wider and shifts to lower temperature, and
the amount of carbon residue at 400∘C and at 𝑇max decreases
by ∼14% and is observed as compared to the unmodified kraft
cellulose.These results showed decreased thermal stability for
cellulose p-nitrobenzoate due to a decrease in crystallinity
of cellulose modified by esterification and to the in situ
formation of nitrogen containing NO

2
, which accelerate

cellulose decomposition. Even if the interpretation is difficult,
it can be concluded that there is a significant chemical
modification of initial substrates and thus the formation of
a chemical bond between these molecules, confirming the
occurrence of grafting.

3.5. Morphological Surface Analysis. SEM analysis was
mainly employed to determine the surface properties of the
samples. Figure 4 shows the SEMmicrograph illustrating the
morphology of microcrystalline cellulose (a), kraft cellulose
(d), and their corresponding regenerated (b, e) and grafted
(c, f) celluloses.

The analysis of the SEM pictures reveals a number of
things: First, the microcrystalline cellulose (MCC) is mainly
composed of rod-like and platelet-like cellulose micro-fibrils,
shaped into a spherical agglomeration. Second, the kraft cel-
lulose has a three-dimensional structure made of nanometric
fibers. Before their treatment, these fibrils are identifiable
almost one by one, but this distinction becomes very difficult
after the regeneration and esterification treatments. Initially
and before treatments the fibrils exist at an elementary level
with a variable size within 3–20 nm, depending on the source
of cellulose (a, d) [29].Third, under the electron microscopic
examination, the regenerated celluloses obtained from the
microcrystalline (b) and kraft (e) cellulose are nonporous,
with a plain texture and a surface structure that is smooth,
compact, and homogeneous. Fourth, the morphology of
the cellulose nitrobenzoate derivative (DS ≈ 1) is clearly
different from themorphologies ofmicrocrystalline and kraft
celluloses, which indicates successful grafting.
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(a) (b) (c)

(d) (e) (f)

Figure 4: SEM micrographs of microcrystalline cellulose (a), regenerated microcrystalline cellulose (b), grafted microcrystalline cellulose
(c), kraft cellulose (d), regenerated kraft cellulose (e), and grafted kraft cellulose (f).

4. Conclusion

The results show that (BPyCl)/DMSO is a direct solvent to
dissolve cellulose. In general, it was found that cellulose dis-
solved very well in (BPyCl)/DMSO and the solubility can
reach 5wt% at 80∘C. Mixture of IL with a cosolvent was suc-
cessfully applied for the synthesis of cellulose p-nitrobenzoate
by reacting cellulose with p-nitrobenzoyl chloride in the
presence of base under mild conditions. The resulted com-
pounds were characterized by spectroscopy techniques (FT-
IR, NMR). The DS values were obtained by 1H-NMR tech-
nique.

It was shown that cellulose esters with different DS
can be obtained by varying the reaction time in a com-
pletely homogeneous synthesis. The products dissolve in
some organic solvents such as DMSO, DMAc, and DMF,
depending on their DS values. The detailed studies about the
interaction cellulose/solvent are still under investigation.The
thermal behaviors were investigated by thermogravimetric
analysis (TGA) under nitrogen. The results indicated some
differences between thermal degradation of cellulose and
cellulose p-nitrobenzoate. The cellulose derivatives exhibited
less heat resistance compared to cellulose, meaning that
cellulose is a thermally more stable material than cellulose

p-nitrobenzoate. Surface morphology of grafting cellulose is
clearly different from the surface morphologies of cellulose,
which proves the grafting success.
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This paper presents a possible alternative to traditional cellulose nanofibers functionalization, by treatment of the material at low
temperatures (25–35∘C)with electron-beam irradiated 1-hexyl-3-methylimidazolium chloride ionic liquid.The treatment promotes
decreasing the crystallinity of the cellulose with up to 45% and possible imidazoliummoieties grafting to cellulose, as demonstrated
from FTIR, XRD, and elemental analysis.The grafting determines water vapors uptake values with 50–70% lower and water vapors
uptake rate with 50% lower than those of reference cellulose nanofibers. The grafting determined also improved adhesion of the
cellulose nanofibers to HDPE, thus contributing to the obtaining of polymer matrix composites with improved properties.

1. Introduction

Natural wood fibers and nonwood natural biofibers, as well as
highly crystalline cellulose-derived products such as cellulose
nanofibers, could be used as relatively inexpensive fillers in
a large variety of thermoplastic (PE, PP) [1, 2] as well as
thermoset resin (epoxi, phenol-based) [3] polymeric matrix
composites.These fillers present a large variety of applications
in the construction and automotive industry, due to their
bioavailability, low machine wear in processing, low density
compared to traditional inorganic fillers, and low price,
coupled with high impact resistance, owing to their highly
crystalline oriented cellulose I anomer structure (crystallinity
index usually above 75%) [4–6].

Cellulose nanofibers (CelNFs) could be produced from a
wide variety of sources, such as paper, wood pulp, and natural
cellulose fibers, through time and temperature controlled
enzymatic or acid hydrolysis, selectively hydrolyzing only the
amorphous part of the macromolecular cellulose chains [7].

However, due to the hydrophilic nature of cellulose,
the majority of the obtained composites bear a cellulose-
compatible polar polymeric matrix. There have been con-
siderably few studies involving the obtaining of composites
with polyolefin matrix. In order to use CelNFs as fillers in

polyolefin matrix composites, their surface must be modified
either by physical (e.g., plasma grafting of fluorine or silicon
atoms on the nanocellulose fibril surface) [8] or by chemical
functionalization (esterification or coupling agent treatment);
otherwise, poor mechanical properties and delamination
could occur [9, 10].

Surface treatment of CelNF via physical and/or chemical
modification methods is important to tailor CelNF surfaces
for application in specific polymer matrices, in terms of both
compatibility and controlling their aggregation, and is still
an ongoing research. Several studies have been performed
regarding the surface modification of cellulosic nanofibers,
through grafting to the cellulose –OH groups of low-
polarity moieties via organic (acrylates, anhydrides, chloro-
triazines, and their derivatives, isocyanates, monomers, etc.)
or hybrid organic-inorganic (silanes and titanates) function-
alization agents [10]. Many of these functionalization agents
require the use of volatile organic solvents (dichloromethane,
toluene) and initiators which possess an environmental risk
due to their volatility and toxicity. Only a few researches are
available regarding the use of more polyolefin-compatible
natural cellulosicmaterials, such as chitin-cellulose fibers [11].

Ionic liquids (ILs) are considered as mild solvents, with
low volatility and good chemical and thermal stability [12].
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In particular, short chain alkylimidazolium halides and
acetates (with 1-alkyl 3-methylimidazolium cations, espe-
cially ethyl, butyl, or allyl) have been employed as energetic
and environmental friendly lignocellulosic mass dissolution
and/or fractionation [13] or even as solvents for cellulose-
functionalizing agents (anhydrides, acyl chlorides) [14], while
longer chain ionic liquids (1-hexyl-3-methylimidazolium, 1-
dodecyl-3-methylimidazolium, and higher) in conjunction
with other types of anions (such as tetrafluoroborate, hex-
afluorophosphate, and bis(triflluoromethylsulfonyl)imide),
though possessing a significantly lower cellulose-dissolution
ability, have potential use as cellulose plasticizers [15], anti-
static agents [16, 17], UV-stabilizers [15], or antifungal agents
[18] for cellulose and wood materials, as demonstrated also
from our previous studies on cellulose and wood [19].

This paper presents an alternative method of cellu-
lose nanofibers functionalization through low tempera-
tures (25–35∘C) surface modifying of cellulose nanofibers
with long-chain imidazolium moieties, achieved by simple
treatment of the cellulosic material with beta-irradiated 1-
hexyl-3-methylimidazolium tetrafluoroborate ionic liquid.
The nanofibers have been obtained through the acid hydrol-
ysis method starting from cotton linters, due to their high
cellulose content and high purity and their availability, being
a byproduct of the textile industry.

Alteration of cellulose nanofibers features after treatment
with irradiated long-chain imidazolium based ionic liquids
is demonstrated by structural (FTIR) and elemental analysis
and indirectly through the increasing in the compatibility
of the obtained functionalized fibers with a typical nonpolar
HDPE matrix. This study is aimed at extending our previous
work involving the grafting of imidazolium moieties on
cellulosic materials, through electron-beam (EB) irradiation
of ionic liquid impregnated wood [19].

2. Materials and Methods

1-Hexyl-3-methylimidazolium tetrafluoroborate ionic liquid
(HMIMBF

4
) of 99.5% purity has been purchased from

IoLiTec Ionic Liquids Technologies GmbH, Germany, and
used as provided in the EB irradiation tests.

HDPE with an average molecular weight of 40000,
density of 0.95 g/cm3, a mass melt flow index (MFI) value of
4.23 g/min at 190∘C, and 2.16 kg piston weight has been used
for the CelNFs-HDPE composites obtaining.

2.1. CelNFs Obtaining. The cellulose nanofibers have been
prepared through a combination of both acid hydrolysis and
ultrasonication methods starting from cotton linters. The
cotton linters have been dewaxed with a 2 : 1 (v/v) mixture of
benzene and ethanol according to the procedure described
by Abu-Rous et al. [20], followed by washing and soaking the
linters for 24 h in a 5% KOH solution, in order to remove all
potential impurities.

The acid hydrolysis of cotton linters has been performed
using a 33%wt. sulfuric acid solution at 90∘C for 60 minutes,
so that the ratio of cellulose to the acid solution is 1 : 10 wt.
Then, distilled water has been added at room temperature in

order to stop the hydrolysis reaction. The resulting cellulosic
material has been decanted and washed with distilled water
several times until reaching a neutral pH value. The volume
ratio between the resulting cellulosic material and water has
been brought to 1 : 10 and the resulting dispersion has been
sonicated for 24 h at 25∘C.

2.2. Ionic Liquids EB Irradiation and CNFs Treatment.
Electron-beam exposure experiments of the HMIMBF

4
ionic

liquid have been performed at the Electron Accelerator
Laboratory from the National Institute for Lasers, Plasma
and Radiation Physics, Bucharest, with the ALIN-10 electron
linear accelerator (6.23MeV energy, 100Hz beam impulse).
The EB dose rate has been 2.4 kGy/min, so as to finally
accumulate 50 kGy at the end of the exposure period.

2.3. Cellulose Nanofibers Ionic Liquid Treatment. The CNFs,
separated from the distilled water, have been placed in the
irradiated ionic liquid, in stoppered glass vials, so that the
ratio of cellulose to the irradiated ionic liquid is 1 : 10%wt.
The treatment involved magnetic stirring of the CelNF-IL
system for 24 h at two temperatures, namely, 25∘C and 35∘C,
respectively.

After ionic liquid treatment, the cellulose nanofibers
have been washed several times with ethanol and distilled
water. The elimination of ionic liquid has been monitored
conductometrically.

The resulted CelNF suspension, priorly concentrated
through decantation, has been submitted to freeze-drying
(Christ Alpha 1-2 LD Plus lyophilizer) at −80∘C and 1 mbar
for 24 h, in order to completely remove the water from the
structure. This operation is necessary for performing the
FTIR and elemental analysis, as well as for obtaining the
polyolefin composites.

2.4. CelNFs-HDPE Composites Obtaining. Two types of
CelNFs-HDPE composites have been obtained through ther-
moforming, by using a 10%wt. weight ratio of CelNFs
reported to HDPE: (1) reference samples, with neat cellulose
nanofibers, and (2) sampleswith irradiated IL-treatedCelNFs
at both 25∘C and 35∘C, respectively.

The ground HDPE (<0.5mm mesh) and CelNFs have
been pressed at 50 atm and then maintained at 230∘C for 1 h,
followed by cooling at room temperature.The obtained com-
posites dimensions were 100 × 10 × 5mm (length × width ×
thickness). The degradation of cellulose nanofibers at 230∘C
is minimal, as determined from FTIR spectroscopy results.

2.5. FTIR Analysis. The FTIR spectra of the HMIMBF
4
ionic

liquid, before and after EB irradiation in the 4000–600 cm−1
interval with a resolution of 2 cm−1, as well as of untreated
and IL-treated CelNFs were obtained with a Bruker Vertex 70
spectrometer equipped with a Golden-Gate ATR device. The
FTIR spectra in the 4000–600 cm−1 interval of the reference
and EB-irradiated HMIMBF

4
ionic liquid, placed between

two potassium bromide windows, have been obtained with



International Journal of Polymer Science 3

the same spectrometer in transmittance mode, after freeze-
drying the IL in the same conditions as those described in
Section 2.3.

2.6. SEMandElemental Analysis. Ascanning electronmicro-
scope (SEM) QUANTA 200 was used to study the morpho-
logical appearance of the obtained CelNF and of the CelNF-
HDPE composites cross sections. The composite samples
have been analyzed without any further treatments.

C and N weight percent in the neat and treated CelNFs
have been determined by using an elemental EuroVector EA
3000 analyzer.

2.7. XRD Analysis. The crystalline structure of the cotton lin-
ters, cellulose nanofibers, and ionic liquid-treated nanofibers
has been determined by using an Advanced D8 Discover
Bruker diffractometer, 𝐾

𝛼1
= 1.5406 Å, 40 kW, 20mA, scan

speed 2∘/min, 2𝜃 range from 5 to 40∘, under laboratory
conditions (atmospheric pressure, 25∘C, and 45% relative
humidity).

The diffractograms of all the CelNFs (reference and IL-
treated) have been deconvoluted using Gaussian profiles,
aiming at accurate matching of the cumulative fit curve to the
experimental curve.

The crystallinity percent has been calculated from the
XRD diffractograms presented in Figure 2 with (1), from the
data obtained after deconvolution [21]:

Cr =
𝐴cryst

𝐴 total
⋅ 100, (1)

where 𝐴cryst represents the area of the peaks corresponding
to the crystalline fraction and 𝐴 total represents the total area
under the diffractogram.

The apparent cellulose I crystallite size (𝐿) was estimated
with the use of the Scherrer equation as follows [21]:

𝐿 =

𝐾 ⋅ 𝜆

𝛽 ⋅ cos 𝜃
, (2)

where𝐾 is a constantwith a value of 0.94 (∘/min) for cellulose,
𝜆 is the X-ray diffractometer wavelength (0.1542 nm), 𝛽 is the
width of the diffraction peak at half of the intensity (∘), and
𝜃 is the Bragg angle corresponding to the (002) diffraction
plane.

The apparent crystallite size relates to the dimensions of
the perfect crystallite size (100% crystalline, cellulose I, not
including the poorly arranged surface chains). It could pro-
vide additional information about structural organizations
in the macromolecular architecture of cellulose. A looser
structure with a lower crystallinity and a higher cellulose II
content would present lower value of the 𝐿 parameter.

A relative proportion of cellulose crystallite interior
chains (𝑋) can be calculated as follows, taking into account
that the surface chains occupy an approximately 0.57 nm layer
[22]:

𝑋 =

(𝐿 − 2ℎ)

2

𝐿

2

,

(3)

where 𝐿 is the apparent crystallite size for the reflection of
plane (200) and ℎ = 0.57 nm is the layer thickness of the
surface chain, calculated by taking into consideration the
crystalline monoclinic and triclinic structures of cellulose.

2.8. Water Sorption Isotherms. In order to determine
the water vapors sorption behavior of CelNFs, sorption
isotherms have been determined by placing predried
pelletized reference and irradiated IL-treated CelNFs
samples of determined mass (𝑚

𝑖
∼ 𝑔, diameter 15mm, and

1mm thickness, pressed at 30 atmwith a hydraulic press) into
desiccators with saturated inorganic aqueous salts solutions
at 25∘C. The inorganic salts have been chosen accordingly
[23] in order to ensure a relative humidity interval between
4% and 98% inside the desiccator. At determined time
intervals, the samples in the desiccators have been weighed
and the value corresponding to the equilibrium water
sorption has been registered (𝑚

𝑓
).

The relative water sorption amount at equilibrium for
each RH value, 𝑤, has been calculated with

𝑤 (%) =
(𝑚

𝑓
− 𝑚

𝑖
)

𝑚

𝑖

⋅ 100.

(4)

3. Results and Discussion

The resulting cellulose nanofibers obtained through acid
hydrolysis of cotton linters have an average diameter of
32.5 nm, in agreementwith the data presented in the reference
literature [7] as it can be observed from the fiber diameter
distribution histogram in Figure 1.

After ionic liquid treatment, an increase in the fibers’
relative diameter with up to 35% could be observed, due
to both structural modifications that occur in the cellulose
macromolecular assembly and crystallinity and possible imi-
dazolium cation grafting on the fibers, as suggested from the
SEM micrographs, presented in Figure 1, and also sustained
by spectroscopic data (Table 1 and Figure 2). Also, an
elemental C and N percentage increase in the irradiated-
HMIMBF

4
treated CelNFs at 35∘C may suggest possible

functionalization of cellulose with the partially hydroxylated
imidazolium moiety, possibly by ether bonds.

The FTIR spectra of the neat and functionalized cellulose
samples are presented in Figure 2. All the cellulose samples
shown in Figure 2(a) present in general twomain absorbance
regions. The first one, at low wavelengths in the 4000–
1700 cm−1 range (CelI), comprises a few absorption bands
such as the broad one from 3450–3400 cm−1 ascribed to –
OH stretching; the overlapping ones from 2930–2910 cm−1,
ascribed to different C–H stretching modes from methyl
and methylene groups; and those found at 1765–1715 cm−1,
ascribed to C=O resulting from the oxidation of the terminal
–C–OH groups [24–28]. The second region, in the 1700–
600 cm−1 domain (CelII), is more rich in absorption bands,
including the fingerprint ones. The band at 1640 cm−1 could
be assigned to weakly adsorbed water. The bands in the
1462–1425 cm−1 domain are ascribed to asymmetric C–H
stretching and bending vibration modes in the pyran ring
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Figure 1: Fiber diameter distribution of initial cotton linters (obtained by optical microscopy) (a), of hydrolyzed cotton fibers (reference) (b),
and of IL-treated CelNFs (SEM) (c) and elemental (C, N) content of reference and IL-treated CelNFs (b and c).
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Figure 2: FTIR spectra of (a) irradiated IL-treated CelNFs at 25∘C and 35∘C; (b) neat and irradiated HMIMBF
4

; (c) irradiated and neat IL-
treated CelNFs at 35∘C; and (d) irradiated IL-treated CelNFs at 35∘C as such and heated at 230∘C. ∗Changes in the spectra pattern related to
possible alkylimidazolium grafting to cellulose (c).

of the glucose unit, CH bending in cellulose I and cellulose
II (1375–1365 cm−1), C–H deformation in cellulose I and
cellulose II (1282–1277 cm−1), and C(1)–O–C(4) asymmetric
stretching in cellulose I and cellulose II (1162–1125 cm−1) [26].

The EB radiation at doses of 50 kGy is responsible for
imidazolium ring scission, especially at C(2)–H and C(5)–
H in the imidazolium ring, as determined from our pre-
vious research and from the reference literature for other
more energetic irradiation types (X-ray, 𝛾) [27, 28]. This
scission could account for the formation of free radicals
and imidazolium oligomers, but more important for this
study is the hydroxylation of the imidazolium cation in the
presence of trace amounts of absorbed water [16], which
could explain the occurrence of a new band, centered at ∼
3400 cm−1 (marked with asterisk in Figure 2(b)) in the FTIR
spectrum of the EB-irradiated HMIMBF

4
. Also carbonyl

groups are formed possibly through terminal chain oxidation
and/or imidazolium ring scission at ∼1740 cm−1 (marked
with asterisk in Figure 2(b)). The BF

4

− anion, having an

absorption band centered at 1135 cm−1, is reported to be
relatively stable to irradiation [29, 30].

The FTIR spectra of the irradiated IL-treated CelNFs
(Figure 2(a)) present some particularities, namely, the overall
shifting of all the main characteristic absorption bands
to lower wavenumbers, associated with the flexibilization
of the cellulose macromolecular architecture, due to the
conversion of the cellulose I anomer, possessing higher crys-
tallinity, to the dominating amorphous cellulose II anomer,
reflected through the decrease in the crystallinity index (CrI)
and lateral order index (LOI) of the IL-treated cellulose
nanofibers (also sustained from the data obtained from the
XRD diffractograms and from our previous results regarding
ionic liquid treatment of cellulosic materials [15]).The shift is
more pronounced with the increasing in the EB-irradiated IL
treatment temperature.

CrI can be calculated as the area ratio of the bands at 1371
and 1156 cm−1 and the LOI, related to the proportion of cel-
lulose I from the sample, as the ratio between the 1430 cm−1
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Table 1: Cellulose structural parameters obtained from FTIR and
XRD spectra.

Material FTIR analysis XRD analysis
CrI LOI Cr (%) 𝐿 (nm) 𝑋

CelNFs 0.084 1.75 76.41 2.26 0.24
CelNFs-IL 25∘C 0.056 1.08 43.75 2.47 0.28
CelNFs-IL 35∘C 0.050 0.84 40.62 3.61 0.48
CrI is the crystallinity index of the material (determined from the area ratio
of the characteristic bands from the FTIR spectra, proportional to the content
of cellulose I and cellulose II from the material).
LOI is the lateral order index of the material, proportional to the cellulose I
content in the fibers (determined from FTIR spectroscopy).
Cr is the absolute crystallinity of the material, determined from the XRD
diffractogram, as total contribution of the cellulose I and cellulose II anomer.
𝐿 represents the apparent cellulose crystallite dimensions, determined from
the XRD diffractogram, relative to that of the defect-free 100% crystalline
cellulose I anomer.
𝑋 represents relative proportion of cellulose crystallite interior chains,
related to more tight packing of the cellulose architecture. As structure
modification and functionalization of cellulose occur,𝑋 values also increase.

and the 1156 cm−1 bands (Table 1) [21]. The intensity of the
1156 cm−1 band has been found to remain constant under
several different irradiation conditions so it has been used as
reference in this study.

The lateral order index of cellulose decreases through IL
treatment, suggesting a relative decrease with up to 45% of
the cellulose I content in the fibers in favor of the dominating
amorphous cellulose II anomer. This structural modification
is confirmed also by the decrease in the crystallinity index
of cellulose, as determined from both FTIR and XRD data.
The formation of the dominatingly amorphous cellulose II
anomer seems to favor the functionalization, due to the
improved accessibility of the IL to the –OH groups of
cellulose.

The FTIR spectra of IL-treated CelNF fibers (Figure 2(a))
reveal the increase in the relative intensity (reported to the
band at 895 cm−1) of the alkyl stretching bands centered
at 2859–2893 cm−1 domain with 50% (for 25∘C) and 97%
(for 35∘C), the relative decrease in the intensity of the –
OH stretching bands at 3120–3350 cm−1 (with 36% and 44%
for 25∘C and 35∘C, resp.) reported to reference CelNF, and
the appearance of a weak shoulder at 3122 and 3148 cm−1,
respectively (ascribed to H–C(4) and H–C(5) vibration from
the imidazolium ring).Thesemodifications could be ascribed
to the grafting of carbonyl groups bearing moieties and/or
(poly)hydroxylated imidazolium moieties on the surface
of the nanofibrillated cellulose material, possibly through
hemi(acetal) or ether bonds, respectively. From these two
possible linkage modes, acetalization is the most probable,
because of the milder required reaction conditions. Possi-
ble new acetal/ether bonds appear also as weak shoulders
centered at 1056 (for 25∘C) and 1060 cm−1 (35∘C) and at
1516 cm−1 (at 35∘C) they could be formed [31] owing to
the weakly acidic pH of the EB-irradiated IL (∼5,8). Also,
the presence of the bands from 1575 cm−1 (25∘C) and at
1579 cm−1 (at 35∘C) attributed to plane C–C and C–N
symmetric and asymmetric stretching of the imidazole ring

from the IL [29] serves as possible supplementary indication
of CelNFs functionalization. Also, from Figure 2(c), it could
be seen that the nonirradiated IL treatment of the CelNFs at
35∘C is responsible for a more pronounced decrease in the
crystallinity index of cellulose, with 31% more than in the
case of the irradiated IL treatment at the same temperature.
This could be due to imidazolium cation structure alteration
for the case of EB irradiating, which has a lower cellulose
restructuration ability. Also, for neat IL treatment of Cel-
NFs at 35∘C, no supplementary bands appear in the spec-
trum of cellulose nanofibers, in comparison with the initial
(untreated) CelNFs, which sustain cellulose functionalization
with the reactive byproduct(s) of electron-beam irradiation
of HMIMBF

4
. Only a relative increase of the absorption

at 1700–1750 cm−1 region could be registered, possibly due
to more pronounced cellulose end-groups oxidation with
atmospheric oxygen, in comparison with the irradiated IL-
treated samples.

Also, determined from Figure 2(d), it can be seen that
there are no significant changes between the FTIR spec-
tra of neat IL-functionalized cellulose and the same fibers
submitted to thermal treatment at 230∘C and 1 h. The only
modifications that occur are related to a slight reduction in
the overall intensities of the absorption bands. The relative
intensity of the band associated with the carbonyl groups
(1765–1715 cm−1) has only a 2.3% increase, by comparing to
the initial functionalized cellulose nanofibers, which means
that the IL-grafted cellulose does not degrade in a significant
manner, while embedding in HDPE and thermoforming the
composites.

As presented in Figure 3, theXRDpattern of the untreated
CelNFs is consistent with that of cellulose I (the diffraction
peaks at 15.36∘ and 16.65∘), especially the I

𝛽
form (the (1–10)

plane at 15.36∘) [21, 32]. After treatment with irradiated IL,
cellulose I content from the fibers decreases, as determined
from the relative crystallinity decrease of 38% (for 25∘C
treatment) and 41%, respectively (for 35∘C treatment), in
comparison with the untreated fibers.

The decrease in crystallinity is probably due to the
progressively increased swelling of cellulose in the CNFs
samples by the IL. With increasing temperature, the fraction
of cellulose swollen with IL increases, as well as the grafting
of imidazolium moieties to cellulose, evidenced also by the
increase in the apparent crystallite size of cellulose (Table 1).
The swollen functionalized cellulose thus transforms into a
dominatingly disordered structure upon displacement of IL
with water, the bulky alkylimidazolium chains impeding its
crystallization, evidenced by the decreasing of the relative
proportion of cellulose crystallite interior chains (𝑋) with
temperature (Table 1). An increased value of 𝑋 could rep-
resent a tighter packing of the cellulose macromolecules in
the unit cell, as it is registered for the neat CNFs, while lower
values could signify a looser packing of the macromolecules,
determined by the imidazolium moieties.

Thewater vapor sorption of reference and grafted CelNFs
as a function of relative humidity of the environment are
presented in Figure 4.
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The functionalized CelNFs, possessing a dominatingly
amorphous character, would be expected to present higher
water vapors relative uptakes than the crystalline CelNF ref-
erence. The experimental data presented in Figure 4 suggest
that the fibers functionalized at 35∘C present water vapors
uptake values with 50–70% lower and a water vapors uptake
rate with 50% lower than those of reference CelNFs sample
submitted to the same experimental conditions, which could
be explained by the hydrophobisation of cellulose through
the dominatingly hydrophobic lateral alkyl chains of the
imidazolium moieties.

The SEMmicrographs fromFigure 5 suggest an improved
adherence of the cellulose nanofibers with the HDPE matrix.
Even if cellulose nanofibril associations may occur, the
analysis of the IL-treated CelNFs at 35∘C composite does
not evidence deboning or delamination, such as in the case

of neat CelNFs-HDPE composite, where visible structural
defects (voids, delamination) are present. Also, by deter-
mining the roughness of the composites surface using the
image analysis technique [17], the nonirradiated CelNF-
HDPE composite presents an average roughness of 40 pixels,
while the functionalized CelNF-HDPE composite has an
average surface roughness of 10.87 pixels, further evidencing
the CelNFs improved embedding in the polymer matrix.
The improved compatibility of the CelNFs with the nonpolar
HDPEmatrix could be due to cellulose functionalizationwith
irradiated HMIMBF

4
.

4. Conclusions

Cellulose nanofibers obtained by the traditional acid hydroly-
sis method have been obtained using cotton linters as source.
The obtained cellulose nanofibers have been functionalized
at 25∘C and 35∘C, respectively, with hydroxylated imida-
zolium moieties generated through electron-beam irradia-
tion of 1-hexyl-3-methylimidazolium tetrafluoroborate, as it
has been demonstrated through the occurrence of a new
band, centered at ∼3400 cm−1 in the FTIR spectrum of the
electron-beam irradiated ionic liquid. The functionalization
determines the hydrophobisation of cellulose, as resulting
from the water vapors uptake values with 50–70% lower
than those of reference CelNFs sample submitted to the
same experimental conditions. The functionalization of the
cellulose with the irradiated alkylimidazolium ionic liquid
determines improved adhesion of the nanofiberswith nonpo-
larmatrices, such as high density polyethylene, as determined
from more uniform covering of the fibers surface with the
polyolefin matrix as determined from the scanning electron
micrographs, thus constituting a possible alternative to other
physical and chemical cellulose functionalization methods.
The functionalized CelNFs, possessing a dominatingly amor-
phous character as determined from XRD diffractograms,
would be expected to present higher water vapors relative
uptakes than the crystalline CelNF reference.

Due to the low vapor pressure of ionic liquids, func-
tionalization of cellulose with these compounds could be
considered a mild (green) process, which could contribute
to the developing of materials with improved properties and
prolonged lifecycle. Further studies are still needed, in order
to determine the stability of the functionalizedmaterial under
various conditions, its possible antimicrobial character, and
the influence of various electron-beam irradiation doses on
the grafting ability to the cellulosic material.
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[10] E. Espino-Pérez, S. Domenek, N. Belgacem, C. Sillard, and J.
Bras, “Green process for chemical functionalization of nanocel-
lulose with carboxylic acids,” Biomacromolecules, vol. 15, no. 12,
pp. 4551–4560, 2014.

[11] A. Moldovan, S. Patachia, C. Vasile, R. Darie, E. Manaila, and
M. Tierean, “Natural fibres/polyolefins composites (I) UV and
electron beam irradiation,” Journal of Biobased Materials and
Bioenergy, vol. 7, no. 1, pp. 58–79, 2013.

[12] J. D. Holbrey and R. D. Rogers, “Green industrial applications
of ionic liquids: technology review,” in Ionic Liquids, vol. 818
of ACS Symposium Series, pp. 446–458, American Chemical
Society, Washington, DC, USA, 2002.

[13] M. Liu, Z.Wang, J.Mei et al., “A facile functionalized routine for
the synthesis of imidazolium-based anion-exchangemembrane
with excellent alkaline stability,” Journal of Membrane Science,
vol. 505, pp. 138–147, 2016.

[14] S. Barthel and T. Heinze, “Acylation and carbanilation of
cellulose in ionic liquids,”Green Chemistry, vol. 8, no. 3, pp. 301–
306, 2006.

[15] C. Croitoru, S. Patachia, A. Porzsolt, and C. Friedrich, “Effect
of alkylimidazolium based ionic liquids on the structure of UV-
irradiated cellulose,”Cellulose, vol. 18, no. 6, pp. 1469–1479, 2011.

[16] A. Cieniecka-Rosłonkiewicz, J. Pernak, J. Kubis-Feder, A.
Ramani, A. J. Robertson, and K. R. Seddon, “Synthesis,
anti-microbial activities and anti-electrostatic properties of
phosphonium-based ionic liquids,” Green Chemistry, vol. 7, no.
12, pp. 855–862, 2005.

[17] C. Croitoru, S. Patachia, N. Cretu, A. Boer, and C. Friedrich,
“Influence of ionic liquids on the surface properties of poplar
veneers,”Applied Surface Science, vol. 257, no. 14, pp. 6220–6225,
2011.

[18] A. P. Abbott, T. J. Bell, S. Handa, and B. Stoddart, “O-Acetylation
of cellulose and monosaccharides using a zinc based ionic
liquid,” Green Chemistry, vol. 7, no. 10, pp. 705–707, 2005.

[19] S. Patachia and C. Croitoru, “Potential applications of ionic
liquids in ecologic wood processing,” ProLigno, vol. 9, no. 4, pp.
211–216, 2013.

[20] M. Abu-Rous, E. Ingolic, and K. C. Schuster, “Visualization of
the nano-structure of Tencel (Lyocell) and other cellulosics as
an approach to explaining functional and wellness properties
in textiles,” Lenzinger Berichte, vol. 85, pp. 31–37, 2006.

[21] J. X. He, Y. Y. Tang, and S. Y. Wang, “Differences in morpholog-
ical characteristics of bamboo fibres and other natural cellulose
fibers: studies on X-ray diffraction, solid state C-13-CP/MAS
NMR, and second derivative FTIR spectroscopy data,” Iranian
Polymer Journal, vol. 16, pp. 807–818, 2007.

[22] C. Croitoru and S. Patachia, “Biocomposites obtained from
wood saw dust using ionic liquids,” Acta Chemica Iasi, vol. 22,
no. 2, pp. 113–134, 2014.



International Journal of Polymer Science 9

[23] L. Greenspan, “Humidity fixed points of binary saturated
aqueous solutions,” Journal of Research of the National Bureau
of Standards A, vol. 81, no. 1, pp. 90–96, 1977.

[24] B. Hinterstoisser and L. Salmén, “Application of dynamic 2D
FTIR to cellulose,” Vibrational Spectroscopy, vol. 22, no. 1-2, pp.
111–118, 2000.

[25] T. Kondo, “The assignment of IR absorption bands due to free
hydroxyl groups in cellulose,” Cellulose, vol. 4, no. 4, pp. 281–
292, 1997.

[26] A. C. O’Sullivan, “Cellulose: the structure slowly unravels,”
Cellulose, vol. 4, no. 3, pp. 173–207, 1997.
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This paper deals with cationic modified cellulose fibrils obtained by reacting the cellulose fibrils with 2,3-epoxypropyltrimethylam-
monium chloride (EPTMAC). The physical and chemical properties of unmodified cellulose fibrils (UMCF) and cationic
modified cellulose fibrils (CMCF) were characterized by SEM, FTIR, degree of substitution, colloid titration, zeta potential, and
thermogravimetric analysis. The experimental results showed that, after cationization, surface charge density and zeta potential
reversed, thermal stability decreased, and new functional groups appeared, while the surface morphology did not show much
difference from the UMCF. With the addition of three kinds of additives (UMCF, CMCF, and cationic starch (CS)) to BCTMP, the
addition of UMCF and CMCF had little effect on zeta potential, while the addition of CS changed zeta potential obviously. With
the increasing of additive amount, the bulk of paper sheets added CMCF did not change obviously, while the bulk of paper sheets
added UMCF and CS decreased rapidly. With regard to physical strength, all the three kinds of additives could improve the tensile
index and tear index; the tensile index of paper sheets added CS was higher than that of added UMCF and CMCF, while the tear
index of paper sheets added CMCF was the highest among the three additives.

1. Introduction

Cellulose is the most abundant polysaccharide in nature;
its renewability, sustainability, and biodegradability have
brought cellulosemore andmore attentions all over the world
[1, 2]. The chemical modification of cellulose is introduction
of new functional groups on the cellulose chain by reacting
hydroxyl groups withmodification reagent, which can enrich
its functionality and thus expand application range. Cellulose
derivatives are products of esterification and etherification
of hydroxyl groups with chemical reagent on cellulose;
according to the structural features, cellulose derivatives can
be divided into cellulose ether, cellulose ester, and cellulose
ether ester [3].

As an important cellulose derivative, cationic cellulose
is widely applied in various fields, such as papermaking
process, cosmetic, adsorbents, and antibacterial agents [4–
7]. There are three kinds of methods to prepare cationic
modified fibers. The first method is direct cationize fibers to

get the cellulose fiber amine derivatives. The second method
is cationic prepolymer of short chain coupled to the fiber
surface to obtain high surface charge density fiber. The
third method is graft copolymerization of cationic polymers
to the fiber; cationic monomer and neutral monomers are
connected to the fiber surface by free radical copolymeriza-
tion. All these three methods can make the fiber cationic,
but the connection types of cationic and fibers are differ-
ent, and finally the fiber morphology and performance are
also different [8]. There are few ways of introduction of
cationic groups in cellulose by chemical reaction, for instance,
attaching quaternary ammonium groups by using of 2,3-
epoxypropyl trimethylammonium chloride (EPTMAC) [9–
11]. One end of the cationic reagent is quaternary ammonium
salt, showing cationic character, and the other end of the
structure is an epoxy group. The covalent addition of a
quaternary amine to polysaccharide is used extensively in
cationic starch production [12].
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Figure 1: Competitive reactions during the cationic modification of cellulose fibrils using EPTMAC/H
2
O/NaOH System.

The cationic modification of cellulose fibrils consists
of an etherification reaction between the alkali activated
hydroxyl group of cellulose fibrils and epoxy group of EPT-
MAC (Figure 1(a) reaction). However, it has been reported
in many studies that the main etherification reaction is
also accompanied by the alkaline hydrolysis [13–15]; that
is, during cationization process, EPTMAC is consumed in
two ways: cationization of fibrils (Figure 1(a)), which is
desirable, and the EPTMAChydrolysis reaction (Figure 1(b)),
which is undesirable [16]. When the reaction system has
higher water content, more hydrolysis of EPTMAC will
occur (Figure 1(b)). Thus, less EPTMAC will be available for
the cationization reaction. Moreover, at high water content,
the hydrolysis of cationically modified fibrils will occur
(Figure 1(c)), which results in a decrease of cationization
efficiency [13]. Thus, the water content is very important for
the cationic reaction.

In the field of pulp and paper making, the concept of
cationic fiber was introduced to serve as a substitute for the
traditional cationic polymer used in papermaking industry
[17–20]. The cationic modification makes the fiber surface
positive charged; therefore, the addition of cationic fiber
results in high filler retention, well drainage property, and
strong ability of absorbing anion distracters [8]. In recent ten
years, this method has been paid more and more attention
in papermaking industry, Xie and coworkers investigated the
cationic modified fibers, which can improve the retention
rate of Precipitated CalciumCarbonate (PCC), with an added
proportion of 0.9%, and the retention rate increased from
57.73% to 72.21%, with the turbidity of white water decreased
at the same time [21]. Cationized cellulose fibers improved
strength and adsorption of anionic fines and fillers by
increasing positive charges on fiber surface [20]. Cationized

cellulose fibers were applied to improve paper sheets strength
and retention of anionic fines and fillers [22].

The requirements for paper bulk and cost control have
made papermaking enterprises pourmore andmore interests
into high yield pulp (HYP), especially BCTMP (bleached
chemithermomechanical pulp); due to their particular char-
acteristics [23–26], paper and board products having high
bulk require a smaller amount of fibers, which is desirable
for economical and environmental reasons. However, the
physical strengths such as tensile and tear of BCTMP are
lower than those of chemical pulps. Professor Korpinen
and Fardim [27] investigated the reinforcement potential of
sawdust kraft pulp in different mechanical pulp; the addition
of unrefined and refined sawdust kraft pulp has different
influence onphysical properties of pulp. Zhang et al. [28] used
bleached wheat straw pulp to improve the tensile strength of
HYP without affecting the bulk. Lin et al. [29] used premixed
fines and fillers to improve retention, paper sheets strength,
and optical properties.

Many investigations have aimed at the improvement and
utilization of BCTMP,while cationicmodified cellulose fibrils
has hardly been considered.Therefore, the aim of this study is
to investigate the effects on the physical properties of BCTMP
paper sheets by adding three kinds of additives (CMCF,
UMCF, and CS); differences may be detected on the strength
properties of BCTMP paper sheets between the addition of
CMCF and the other two additives.

2. Materials and Methods

2.1. Preparation of Cellulose Fibrils. Cellulose fibrils were pro-
duced fromHBKP (hardwood bleach kraft pulp) by mechan-
ical treatment in PFI mill (FRANK-PTI P40110.E000), with
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a beating gap of 0mm in accordancewith the TAPPI standard
method (T 248 sp-00), refining at 10 wt.% total solids at
20,000 total revolutions; the shearing and compression forces
produced by the impacts of the rotor bars cause intrafiber
bondbreaking, external fibrillation, andfiber cutting [30–32];
after PFI refining, the obtained cellulose fibrils were collected
into a sealed plastic bag for further study.

2.2. Chemical Reagent Involved in This Paper. EPTMAC was
used as a cationization agent and obtained from Aoerte
Chemical Ltd. in Zibo, Shandong province, with a purity of
60wt.%. Polydiallyl dimethyl ammonium chloride (PDAD-
MAC) and polyethene sodium sulfonate (PES-Na) were pro-
vided by BTG Instruments GmbH,Germany, appliedwithout
further purification. Sodium hydroxide, acetic acid, and
ethanol were all analytical grade chemicals from Sinopharm
Chemical Reagent Beijing Co., Ltd. Cationic starch (Cato.
304, DS 0.033-0.035) was received from National Starch Inc.

2.3. Cationic Modification of Cellulose Fibrils. In previous
studies, the 3-chloro-2-hydroxypropyl trimethylammonium
chloride (CHMAC) and 2,3-(epoxy propyl-)trimethylammo-
nium chloride (EPTMAC) were widely applied in the etheri-
fication field; the latter was found to bemore active for cation-
ization efficiency and easy to produce cationic fiber under
similar conditions [33]. In this study, EPTMAC was selected
as the cationization agent to cationize cellulose fibrils.

The cationization of cellulose fibrils has been carried out
in a laboratory kneading machine (TYPE: SH-O); during the
process, the staff of the cellulose fibrils was firstly diluted
to 10wt.%; then a certain amount of sodium hydroxide
was added to the staff and kneaded for half an hour in
the kneading machine; then the cationization reagent was
slowly added to themixing systems kneading for 150minutes;
and the temperature was kept at 30∘C; when reached the
reaction time, the mixture was neutralized with a certain
amount of acetic acid and then washed with a large amount
of deionized water to remove the excess chemical reagents;
also, for a blank test, none of the chemicals was added, which
was called unmodified cellulose fibrils (UMCF). Cationic
modified cellulose fibrils (CMCF) were prepared under the
conditions of EPTMAC to cellulose molar ratio of 0.4, NaOH
dosage of 30wt.% of cellulose fibrils, and water content of
90wt.%.

2.4. Fiber Quality Analysis (FQA). The fiber quality analysis
of cellulose fibrils before and after cationic modification was
detected by L&W fiber tester; the test items included fiber
length, fiber width, and kink index.

2.5. Scanning Electron Microscopy (SEM). The surface mor-
phology of cellulose fibrils was observed by SEM (SU1510,
HITACHI, Japan) at the acceleration voltages of 10.0 kV after
being freeze-dried and sputtered with gold-palladium.

2.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis.
FTIR analysis of the UMCF and CMCF was performed using
a Fourier Infrared Spectrometer (TENSOR 22, BRUKER,
GmbH) in transmission mode. For transmission mode,

a sample of KBr powder (IR grade, Aldrich) was used as
the background; the sample was first dried through a vac-
uum freeze dryer (FD-1D-50) provided by Beijing Boyikang
Experimental InstrumentCo., Ltd.; the dried samplewas then
grindedwith amortar and pestle in KBr, with a 2wt.% of KBr.
The spectrumwas obtained at a nominal resolution of 2 cm−1,
and the spectrum regionwas recorded between 600 cm−1 and
4,000 cm−1.

2.7. Determination of Degree of Substitution. The degree of
substitution of quaternary ammonium groups on the CMCF
was calculated through the nitrogen content, according to
formula (1). The cellulose fibrils nitrogen content before
and after modification was determined by using a CHNS
Elemental Analyzer (Vario EL cube) provided by Elementar,
Germany. One has

DS =
162 g/mol ×N%

14 g/mol × 100 − 151.63 g/mol ×N%
, (1)

where N% is the nitrogen content of cationically modified
cellulose fibrils; 162 g/mol is the molecular mass of anhy-
droglucose unit; 14 g/mol is the molecular mass of N; and
151.63 g/mol is the molecular mass of EPTMAC.

2.8. Surface Charge Density Measurement. Surface charge
density of UMCF and CMCF was measured using a colloidal
titration method with a Mutek� PCD-04 (Travel) provided
by BTG Instruments GmbH, Germany. During the colloidal
titration, the samples were diluted to 1 g/L and then titrated
with standard cationic polyelectrolyte [poly(diallyldimethyl-
ammonium chloride) (poly-DADMAC)] and standard
anionic polyelectrolyte [polyethene sodium sulfonate (PES-
Na)] with the concentration of 0.1mN, which are widely used
as the cationic and anionic reactants in colloidal titration.
Three parallel tests were completed to obtain an average
value for each sample.

2.9. Zeta PotentialMeasurement. Thezeta potential ofUMCF
and CMCF without electrolyte was measured at 25∘C using
a zeta potential analysis (Mutek SZP 06). The samples were
diluted to 5 g/L with deionized water and dispersed by
homogenizer, IKA T18 basic (ULTRA TURRAX), the PH
value of the samples was kept at 7, and the set pressure was
given to be 200mbar.

2.10. Thermogravimetric Analysis (TGA). The TGA of all
samples was operated using Thermogravimetric Analyzer
(TGA/DSC1) provided by Mettler Toledo; the TG and DTG
curveswere obtained under the nitrogen gaswith flowing rate
of 35mL⋅min−1 and heating rate of 10∘C⋅min−1 from 25∘C to
450∘C; the added sample mass was about 6.0mg in a ceramic
pan.

2.11. Preparation of Paper Sheets. Thebleached chemithermo-
mechanical pulp (BCTMP) with a beating degree of about
40∘SRwas obtained through aValley beater; then the BCTMP
was screened with a 0.35mm sieve according to TAPPI
standard methods T275 sp-02; after screening, the obtained
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(a) (b)

Figure 2: SEM micrographs of cellulose fibrils. (a) UMCF and (b) CMCF.

Table 1: The fiber quality analysis of UMCF and CMCF.

Sample Mean length [mm] Mean width [𝜇m] Kink index
UMCF 0.656 17.5 1.309
CMCF 0.672 18.0 2.564

BCTMP was collected and the beating degree was measured
to be 41∘SR. This pulp was used to make paper sheets
(grammage 60 g/m2) containing various proportions of addi-
tives (UMCF, CMCF, and CS); according to TAPPI standard
methods T205 sp-02, ten paper sheets were made of each
additive amount, while five paper sheets were picked out for
mechanical testing; the rest of pulp suspensions were retained
for zeta potential analysis according to Section 2.9.

2.12. Mechanical Testing of Paper Sheets. Physical properties
of the paper sheets were measured in an atmosphere of
50% relative humidity at 23∘C for 24 h in accordance with
TAPPI standard method (T402-sp-03); the main physical
properties (grammage, thickness, bulk, tensile strength, and
tear strength) were measured according to TAPPI standard
T220 sp-01 (physical testing of pulp handsheets).

3. Results and Discussion

3.1. Fiber Quality Analysis of Cellulose Fibrils. Table 1 shows
the fiber quality analysis of UMCF and CMCF; the mean
length and mean width have no difference between UMCF
and CMCF; nevertheless, the kink index of CMCF is much
higher than that of UMCF. The conclusion was cationic
modification had almost no impact on fiber length and width
but could increase kink index.

3.2. Morphological Analysis of Cellulose Fibrils. Surface mor-
phology of UMCF (Figure 2(a)) and CMCF (Figure 2(b)) are
similar in Figure 4. As can be seen from the micrographs,
both the twomicrographs have some fibrils with diameters of
several hundred nanometers and lengths of tens of microns.
Compared with PFI refining process, the cationic modifica-
tion process had no obvious influence on cellulose fibrils’
surface morphology.
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Figure 3: FTIR spectrum of UMCF (Spectrum a) and CMCF
(Spectrum b).

3.3. Fourier Transform Infrared Spectroscopy. The FTIR spec-
tra of the UMCF and CMCF are shown in Figure 3. A strong
band due to hydroxyl (-OH) stretching appears at 3413 cm−1
[34–37]. An intense band at 1644 cm−1 originates from the
absorbed moisture of the cellulose [38]. The absorbance
between 1030 cm−1 and 1163 cm−1 is attributed to the C-O
stretching in major ether bands [36, 39].

Compared to Spectrum a, Spectrum b of the CMCF
gives clear evidence of quaternization in cellulose fibrils. An
increase in intensity of themajor ether bonds in the spectrum
region between 1030 cm−1 and 1163 cm−1 provides evidence of
grafting of EPTMAC onto the fibril surface [38]. In addition,
a prominent band at 1463 cm−1 is observed, which can be
deduced to CH

2
bending mode and methyl groups of the

cationic substituent [38, 40]. The band at 1383 cm−1 is C-H
bending vibration peak of -CH

3
.

3.4. Degree of Substitution. Generally speaking, there are no
molecular containing nitrogen in cellulose chains; experi-
mental data showed that the UMCF had no nitrogen, while
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Figure 4: The TG and DTG curves of UMCF (a) and CMCF (b).

the obtained nitrogen content of CMCF was 1.16%; according
to formula (1), the degree of substitution (DS) was calculated
to be 0.154. The DS could represent the extent of the
etherification reaction.

3.5. Surface Charge Density and Zeta Potential. The cationic
modification of cellulose fibrils consists of nucleophilic reac-
tion between the alkali activated hydroxyl group of cellulose
fiber and epoxy group of EPTMAC (Figure 1(a) reaction),
with the combination of quaternary ammonium to fiber
surface by etherification reaction; the surface charge density
will be transformed [20, 36]. As shown in Table 2, cationic
modification could dramatically reverse the surface charge
density (i.e., from−14.29 𝜇eq/g for theUMCF to +18.68 𝜇eq/g
for CMCF), while the surface charge density of CS was
measured to be +505 𝜇eq/g, 27 times higher than that of the
CMCF. The zeta potential results also confirmed the charge
reversal of cellulose fibrils after cationic modification, from
−23.7 ± 0.5mV for UMCF to +15.7 ± 0.5mV for CMCF.

3.6. Thermal Decomposition of Cellulose Fibrils. The TG and
DTG curves of UMCF and CMCF under the same conditions
are shown in Figure 4. The results indicate that the thermal
stability of cellulose fibrils after cationic modification is
decreased, the thermal degradation temperature of UMCF
is 328.06∘C, and after cationic modification, the thermal
degradation temperature of CMCFdecreases to 314.24∘C.The
weight loss peak of UMCF is at 360∘C, while the CMCF has
two weight loss peaks, 305∘C and 325∘C. This results showed
that the cationic modification reduced the thermal stability
of cellulose fibrils to some extent; the possible reason was
that the introduction of quaternary ammonium enhanced the
mechanism of random chain scission due to its nucleophilic
character [41–43].

3.7. Zeta Potential of Pulp Suspension. Figure 5 shows the zeta
potentials of pulp suspensions added three kinds of additives
at various additive amounts. The pulp fibers were sufficiently

Table 2: The analysis of surface charge density and zeta potential.

Sample Surface charge
density [𝜇eq/g] Zeta potential [mV]

UMCF −14.29 ± 0.3 −23.7 ± 0.5
CMCF +18.68 ± 0.5 +15.7 ± 0.5
CS +505 ± 5 ND
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Figure 5: Zeta potentials of pulp suspensions with various additive
amounts of three kinds of additives (UMCF, CMCF, and CS).

stable with no significant change of zeta potentials during the
measurements, with a solid concentration of 2.4 g/L, the same
with paper sheets making process. The zeta potential of pulp
suspensions addedUMCF slightly decreaseswith the increase
of additive amount; it is because the UMCF contains large
amount of anionic which can decrease the total zeta potential
of the pulp suspensions. The addition of both CMCF and CS
increases the zeta potential due to the existence of positive
charge; the increase of zeta potential added CMCF is much
less than that of added CS due to its far lower cationic charge
density than that of CS.The zeta potential of pulp suspensions
added CS is negative at 1%, but its sign is changed at 2%
and 4%; the point of zero zeta potential (isoelectric point) is
located between 1% and 2%.

3.8. Physical Properties of Paper Sheets. Asmentioned, bulk is
one of themost important features for BCTMP and should be
paid more attention. Figure 6 shows the bulk of paper sheets
added three kinds of additives, when added UMCF; the bulk
decreases as the additive amount increases; this is due to the
high density of hydroxyl which can form a large number of
hydrogen bonds; thus the bonding strength is enhanced and
the bulk decreases; the bulk of paper sheets added CS has the
same tendency. While added CMCF, the bulk shows steady
increase with the increase of additive amount. The bulk of
paper sheets added fibrils (UMCF or CMCF) is higher than
that of added CS; this is because fibrils can act as binders
between the fibers and fines, playing the role of physical
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Figure 7: The tensile index of paper sheets with various additive
amounts of three additives (UMCF, CMCF, and CS).

fillers, while the CS strengthens fiber-fiber and fiber-fines
bonding capacity; thus the bulk decreases. The bulk of paper
sheets added CMCF is higher than that of UMCF at additive
amount of 2% and 4%; this may due to the repulsion force
between the already absorbed cationic fibrils on the fiber
surface and the fibrils approaching to the fiber, which leads
to a weak binding network [44], while the addition of UMCF
generates large number of hydrogen bonds, which lead to a
tight network.

Results in Figure 7 indicate that all the three kinds of
additives can act as strength additives to improve the tensile
index of paper sheets; it can be found that the tensile index
of paper sheets added CS is the highest among the three
additives at the same additive amount, while the tensile index
of paper sheets added CMCF is slightly lower than that
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Figure 8: Tear index of paper sheets with various additive amounts
of three additives (UMCF, CMCF, and CS).

of added UMCF. From 0% to 2%, the addition of CS into
BCTMP can dramatically increase the tensile index, due to
the high positive charge density which can bind the negative
charged fines and fibers, when the additive amount is 4%; the
tensile index will not be improved, as the isoelectric point
is located between 1% and 2%, and the extra CS may have
little effect on paper sheets strength. For the paper sheets
added UMCF, with the increasing of additive amount, the
tensile index steadily increases; this can be contributed to
the increase of hydrogen bonds. For the paper sheets added
CMCF, with the additive amount from 1% to 4%, the increase
of tensile index is considered to be relatively small; that is
because the amount of total fibers is constant, and the capacity
of fixation by positive-negative ions adsorption is limited by
the specific surface of fibers which is readily saturated by the
CMCF due to its large size.

The results of tear index from the paper sheets added
three kinds of additives are shown in Figure 8. Tear strength
of paper or cardboard is an important physical performance
indicator in practice, since most of paper or cardboard is
often bearing tear. It can be seen that the addition of all
three kinds of additives can improve the tear index; the tear
index increases with the increase of additive amount. The
tear index of the paper sheets added CMCF is the highest
among the three kinds of additives. The tear index of paper
sheets added CMCF is higher than that added UMCF; as
cationic modification increased the kink index of cellulose
fibrils, a number of studies have shown that kinked fibrils
could improve the tear index, as more energy was needed
in straightening and breaking bonds between the fibers [45–
47]. In addition, the change of surface charge density would
influence the fiber bonding capacity, and the tear indexwould
be influenced [48]. The tear index of paper sheets added
CMCF is higher than that added CS at all additive amount,
since the larger size of the fibrils can increase the number of
fiber junctions, which is positively correlated with tear index.
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4. Conclusions

In this study, CMCF was prepared by cationization of cellu-
lose fibrils with EPTMAC, with the cellulose fibrils produced
from mechanical treatment in a PFI mill at a high revolu-
tion. Due to the quaternary ammonium connecting to the
fibril surface, the chemical properties of the cellulose fibrils
were thus extremely changed after cationic modification, the
inversion of electrical property, reduction of thermal stability,
and appearance of new functional groups. While the surface
morphology of cellulose fibrils before and after cationization
showed no obvious difference. The addition of UMCF and
CMCF had little effect on zeta potential compared with CS.
The tensile index and tear index could be improved with the
addition of CMCF, UMCF, and CS; at the same time, CMCF
could preserve the BCTMP’s high bulk property to some
extent.
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Microcrystalline cellulose was explored as possible biodegradable fillers in the fabrication of ABS plastic composites. TGA
indicates that upon inclusion of cellulose microcrystals the thermal stability of the ABS plastics was improved significantly when
compared to the neat ABS plastic counterparts. Furthermore, inclusion of extracted cellulose from plant biomass showed a higher
thermal stability with maximum decomposition temperatures around 131.95∘C and 124.19∘C for cellulose from cotton andHibiscus
sabdariffa, respectively, when compared to that of the purchased cellulose. In addition, TMA revealed that the average CTE value
for the neat ABS and 1 : 1 ratio of cellulose to ABS fabricated in this study was significantly lower than the reported CTE (ca.
73.8 𝜇m/m∘C).

1. Introduction

Due to the rapid growth of waste from electrical and elec-
tronic equipment, a considerable amount of focus has been
placed on exploring new sources thatwill allow the creation of
unique polymeric materials that can be used in the develop-
ment of biobased composites. Today, there are two categories
of biodegradable polymers: synthetic and natural polymers.
Though not all synthetic polymers portray such nature,
upon the incorporation of additives these polymers mimic
biodegradable behavior. Vroman and Tighzert [1] reported
that natural polymers generally offer fewer advantages than
synthetic polymers; however, natural polymers offer the key
advantage of biodegradability. That being said, producing
these composites with biodegradable nanomaterials will give
rise to inexpensive, natural, renewable materials with little to
no negative impacts on the environment.

Cellulose has been used to combat the issues of sustain-
ability [2] and is a common biopolymer that is being used
widely [3–8]. Cellulose is a complex carbohydrate made up
of several thousand glucose molecules linked end to end,
and due to its intra- and intermolecular hydrogen bonding
various ordered crystalline arrangements are observed. Given

the abundance of natural resources available for cellulose
and the unique mechanical properties of highly crystalline
cellulose (micro- or nanocrystalline cellulose), it has great
potential for use as fillers to increase composite material
properties in comparison to unfilled polymer matrix coun-
terparts. That is, cellulose composites have the potential to
be light-weight, low-cost, and environmentally friendly with
improved thermal and mechanical properties. Due to the
incompatibility between generally hydrophobic host polymer
matrix and hydrophilic natural fiber, combined with lower
thermal resistance of the cellulosic material, most cellulose
research has primarily focused on its extraction from differ-
ent plants modification and its use in the reinforcement of
various polymer matrices [9–16]. Common techniques for
composites fabrication include but are not limited to casting,
templating [6, 17, 18], and compounding or extrusion [8, 19].

Currently, acrylonitrile-butadiene-styrene (ABS) is one
of the major components used in the fabrication of plas-
tics casings for computers, monitors, keyboards, and other
similar components. A life cycle assessment conducted in
our group, but not discussed in this paper, has shown that
the thermal processing of ABS has an impact on several
environmental categories, having the greatest impact on
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Figure 1: A typical flowchart depicting themethodused to fabricate neat and cellulose-basedABSplastic composites for comparative analyses.

global warming. Though the monomers (acrylonitrile, buta-
diene, and styrene) of ABS may not be extremely harmful,
this terpolymer possesses different properties and produces
volatile organic compounds (VOCs) during pyrolysis, com-
bustion, and extrusion [20, 21]. The list of possible VOCs
includes hydrocarbons, aromatic hydrocarbons, alcohols,
ketones, aldehydes, acids, and acrylonitrile. To conform
to more biofriendly composites, micron-sized cellulose, a
natural biopolymer, is used as filler for an acrylonitrile-
butadiene-styrene (ABS) matrix.There are several challenges
within cellulose particles, such as the capability to absorb
moisture, but they have promising properties as a biofiller for
polymers. Cellulose fillers have the potential of enhancing the
composite properties (e.g., thermal or mechanical) of plastics
formed using ABS, as well as increasing its biodegradation by
organisms and recycling methods [11]. Hence, in this report,
polymer dissolution and mold cast techniques were used
for the fabrication of cellulose-based ABS composites as an
alternative to a thermal process due to the volatile organic
compounds (VOCs) released during thermal processing (i.e.,
recycling or extrusion).

2. Materials and Methods

2.1. Materials. Dichloromethane ≥ 99.5% ACS reagent was
purchased from Sigma-Aldrich while the Lustran ABS 552
(ABS) was purchased from PolyOne Corporation. The man-
ufactured microcrystalline cellulose (MMCC) was received
from CreaFill Fibers Corp. as TC40 CreaTech. For the
extraction of cellulose, acetic acid, acetone, sodium chlorite,
sodium hydroxide, and sulfuric acid, ACS reagent grade
chemicals were purchased from Sigma-Aldrich and used as
received. Hibiscus sabdariffa was obtained from the local
farm. The cotton was purchased from the local convenience
store.

2.2. Sample Preparation. Cellulose extracted from Hibiscus
and cottonwas carried out using the experimental procedures
as described byHuntley et al. [17]. In short, solutions of acetic
acid (90wt%), sodium chlorite (9 wt%), a buffer solution, and
sulfuric acid (32 vol%) were prepared for cellulose extraction.
Acetic acid was used for a pretreatment process followed
by bleaching. The resulting product was then hydrolyzed
using sulfuric acid. Following hydrolysis, centrifugation and
sonication were performed for the complete extraction of
crystalline cellulose. The flow chart in Figure 1 depicts the
method utilized to fabricate neat ABS, as well as compos-
ites reinforced with MMCC and extracted celluloses. This
method has been found to be beneficial due to the method
being carried out at room temperature, which increases the
cost effectiveness during production [18]. The ABS pellets
and cellulose were added to a plastic mixing cup in vary-
ing ratios; see Table 2. As-received dichloromethane was
added to dissolve the ABS pellets. Utilizing a stir stick, a
manual mixing method was used. The ABS and cellulose
ratios were mixed for several minutes to achieve uniform
distribution of the cellulose fibers. The resulting paste was
poured in a metal flexure mold and allowed to dry at room
temperature for 48 hours or longer [22]. (Cellulose dispersion
studies need to be conducted due to a lack in mechanical
mixing procedures to ensure homogeneous mixing of the
materials.)

2.3. X-Ray Diffraction (XRD). XRD analyses were performed
using a Rigaku D/MAX 2200 X-ray diffractometer using
CuK𝛼 radiation with wavelength 𝜆 = 1.54 Å and 40 kV
and 30A. Analyses of dried celluloses were performed on a
glass slide from 0∘ to 50∘ of 2𝜃 angle at a rate of 5∘C/min.
Proceeding data collection, the results were characterized
utilizing PDF data base of Joint Committee on Powder
Diffraction Standards (JCPDS) along with literature findings.
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Figure 2: XRD spectra revealing the CI structure for purchased MMCC (a) and cellulose extracted from cotton and Hibiscus (b) and (c),
respectively, via strong acid hydrolysis.

2.4. Scanning Electron Microscopy (SEM). SEM images were
collected from a Zeiss EVO 50VP SEM operating at an
acceleration voltage of 3 keV for the purchased cellulose and
20 keV for the extractions. Additionally, gold sputter coating
was achieved on an EMS 550X sputter coating device.

2.5. Modulated Differential Scanning Calorimetry (MDSC).
Thermal analysis was carried out using custom MDSC heat
only, with sample sizes remaining in a range of 10–13mg.
These analyses, for the dried celluloses along with the
composites and pellets, were carried out on TA Instrument
DSC Q2000 equipped with aluminum hermetic pans. The
samples were analyzed under nitrogen gas at 50mL/min.
While the cellulose and pellet samples were ramped to 400∘C
and 300∘C at a rate of 5∘C/min, the composites were subjected
to a different method to determine the glass transition
temperature (𝑇

𝑔
) after thermal stresses were relieved. The

ABS composite samples were ramped from 30∘C to 140∘C,
cooled to 30∘C, and ramped again to 150∘C.

2.6. Thermogravimetric Analysis (TGA). TGA analyses were
performed using a TA Instrument TGA Q500 under a
nitrogen atmosphere. The mass of all samples ranged from
13 to 15mg and they were tested using pretared platinum
TGA pans. The samples were purged with nitrogen at a
rate of 40mL/min. After drying the extracted cellulose
samples, these samples along with the purchased cellulose
were analyzed at a rate of 5∘C/min from 30∘C to 400∘C. On
the other hand, the composites samples were analyzed at an
identical rate with a ramping range of 30∘C to 300∘C.

2.7. Thermomechanical Analysis (TMA). TMA were com-
pleted on TA Instrument TMA Q400. The samples were

analyzed at 5∘C/min at 30∘C to 90∘Cunder thermal expansion
mode, with a force of 0.3N in a nitrogen atmosphere.

3. Results and Discussions

3.1. XRD Analysis of the Manufactured and Extracted Micro-
crystalline Cellulose. Figures 2(a)–2(c) display the crystalline
structure forMMCC and cellulose extracted from cotton and
Hibiscus. In Figure 2(a), XRD analysis verifies cellulose I (CI)
polymorph structure. As can be observed, the existence of
peakswith 2𝜃 values of 15∘, 22∘, and 35∘ is shown.These results
match well with previously reported results on the structure
of native cellulose [2]. In addition, in previously reported
literature for different biomass sources by Contos et al. [21],
Ford et al. [23], and Kargarzadeh et al. [24], similar structural
arrangements of the extracted cellulose were observed when
analyzing by XRD.

Likewise, the extracted celluloses featured in Figures
2(b) and 2(c) exhibit similar XRD behavior patterns to that
shown in Figure 2(a). This report is made evident due to
the corresponding 2𝜃 values of 15∘, 22∘, and 35∘. For the
extracted cotton spectra, the peak at 15∘ portrays two peaks
overlapping which is usually observed in a CI𝛼/CI𝛽 mixed
XRD pattern as well as mercerized cellulose that has not been
fully converted to cellulose II [23, 25]. O’Sullivan [26] reports
that native cellulose, cellulose I, only exists in a mixture
(I𝛼 and I𝛽). A true conversion of CI to CII occurs through
mercerization [26, 27] (swelling due to sodium hydroxide)
or regeneration (solvent solubilization and reprecipitation
by water dilution [28]). Meanwhile, the peak at 22∘ is more
defined in comparison to the MMCC spectra which we
attribute to the smaller diameter fibers and increased shape
uniformity of the cotton fibers versus itsMMCC andHibiscus
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Figure 3: Scanning electron micrographs revealing the shape and size for purchased cellulose, MMCC (a), and cellulose extracted from
cotton (b) and Hibiscus (c).

counterparts; see Figures 3(a)–3(c). In addition, based on
the peak height XRD method reported in the literature [28]
for calculation of cellulose crystallinity, we have determine
that the cellulose extracted from cotton has the highest
crystallinity (ca. 88.46%) based on our method of extraction.
Moon et al. [2] and Kargarzadeh et al. [24] reported similar
values for the microcrystalline cellulose dimensions [2] and
crystallinity [2, 24].

3.2. SEM Analysis of the Manufactured and Extracted Micro-
crystalline Cellulose. Scanning electron micrographs are pre-
sented in Figures 3(a)–3(c) revealing the size and shape
of MMCC and extracted celluloses. Figure 3(a) shows that
the MMCC crystals are rod-like fibers with diameters and
lengths in themicron-size range.These cellulose fibers appear
to be free of agglomeration and not uniform in length;
that is, longer and shorter length scale fibers are observed.
However, the cotton extracted cellulose counterpart featured
in Figure 3(b) apparently exhibits similar fiber-like crystals
with increased uniformity in its shape when compared to
the manufactured microcrystalline cellulose in Figure 3(a).
Furthermore, the length of the cotton extracted cellulose
appears longer than that of the MMCC with lengths of
approximately 100 𝜇m and 200𝜇m, respectively.

Similar results are observed for cellulose extracted from
Hibiscus; see Figure 3(c).Hibiscus extracted cellulose exhibits
rod-like fibers with lengths and diameters on the microm-
eter scale. Furthermore, large scale aggregation of cellulose
fibers is observed for Hibiscus extracted cellulose, which
is attributed to the larger fiber sizes (≥300𝜇m) observed
when compared to its cotton extracted or purchased cellulose

counterparts. It has been reported that, depending on the
mechanistic nature of the drying process and extraction
methodology used, induced large scale aggregation of cellu-
lose fibers will be observed [6, 19, 29]. Thus, based on reports
from the literature and previous findings reported by our
group [17, 25], we propose here that a similar mechanism
of induced aggregation is occurring due to a combination of
both processing and drying methodologies.

3.3. Thermal Analysis of the Manufactured and Extracted
Microcrystalline Celluloses. Figure 4 reveals the DSC curve
showing the thermal behavior of MMCC. This analysis
reveals exothermic as well as endothermic peaks corre-
sponding to water vaporization, degradation, char formation,
and oxidation (90–150∘C, 262∘C, 275∘C, and 337∘C, resp.).
Similar results were observed by Sinha and Rout [30].
Here it is reported that water vaporization appears as a
broad endothermic peak in the range of 60–140∘C, another
small endothermic peak present is indicative of the thermal
degradation of hemicelluloses and the glycosidic linkages of
cellulose at 290∘C, and further decomposition of cellulose
occurs around 365∘C causing char formation.The char is later
oxidized along with the remaining mass being consumed,
around 431∘C. As can be seen, similar results are observed
in Figure 4 with a broad endothermic peak appearing with
a range between 90 and 150∘C but centered at around 115∘C
and corresponding small endothermic and exothermic peaks,
262∘C, 275∘C, and 337∘C, respectively, indicating hemicel-
lulose and glycosidic linkages decomposition, continuing
with further cellulose degradation causing char formation,
followed by the oxidation of char. In addition, temperature
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Table 1: Tabulated DSC and TGA values for both purchased and extracted cellulose.

Name DSC TGA
𝑇
𝑔

(∘C) Residue (%) Onset (∘C) Rate (%/∘C) Max decomp (∘C)
MMCC N/A 14.01 ± 0.22 257.88 ± 8.62 1.75 ± 0.07 333.37 ± 0.61
Hibiscus N/A 28.68 ± 0.91 165.82 ± 2.87 0.57 ± 0.09 252.08 ± 5.64
Cotton N/A 32.97 ± 0.15 131.90 ± 2.83 0.36 ± 0.00 207.31 ± 2.53
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Figure 4: DSC curve showing the thermal behavior of MMCC.

ranging between 200 and 250∘C apparently reveals a high
thermal stability region for the MCC. That is, once the
absorbed water has been driven off, the cellulose structure
exhibits high resistance to degradation between 200∘C and
250∘C.

The thermogravimetric analysis, TGA, of theMMCC and
extracted celluloses can be observed in Figure 5 while the
corresponding tabulated values that were obtained from both
TGA and differential scanning calorimetry, DSC, analyses
are provided in Table 1. The onset of degradation for the
manufactured cellulose is higher than that of the extracted
cellulose, with an approximate value of 258∘C; see Table 1.
The maximum decomposition temperature for the MMCC
was observed at 333∘C at a rate of 1.75%/∘C. However, the
TGA for the extracted celluloses exhibited significantly lower
onset andmaximum decomposition values (i.e.,Hibiscus and
cotton, 166∘C and 132∘C and 252∘C and 207∘C, resp.) when
compared to their manufactured counterpart. We attribute
the significant difference in TGA values exhibited for the
comparison of manufactured and extracted cellulose to the
extraction methodology. That being said, the Hibiscus and
cotton exhibited similar rates of mass loss at the maximum
decomposition values when compared. Similar results have
been observed for cellulose extracted fromHibiscus cannabi-
nus (kenaf bast fibers). Kargarzadeh et al. [24] reported a
sharp weight loss at 300∘C for unhydrolyzed cellulose, which
can be observed in Figure 4 for the MMCC due to its under-
going the pulping process which does not utilize hydrolysis
[31]. According to the manufacturers, MMCC was produced
by micronization of hardwood pulp. Kargarzadeh et al. [24]
also reported that longer hydrolysis time makes for shorter
fibers. Huntley et al. [25] reported that acids used during
hydrolysis affect the thermal stability of extracted celluloses.
The functional groups attached to the active sites on cellulose
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Figure 5: TGA percent weight loss curves for purchased and
extracted cellulose.

are determined by the acids used, which in turn degrades
at varying times and temperatures. It can be observed in
Figure 5 and Table 1 that the extracted celluloses begin to
degrade at lower temperatures than theMMCCbut the rate of
decomposition is more favorable for the extractions. Hence,
the hydrolysis caused the extracted celluloses to becomemore
thermally resistant at higher temperatures in comparison to
the manufactured cellulose. In Table 1, at 400∘C, MMCC
has a residue of 14%, which is lower than that exhibited
for its extracted cellulose counterparts. It can be observed
that the residues for the extractions are comparable (Hibiscus
and cotton, 28.68% and 32.97%, resp.) but, in comparison
to the manufactured, are both approximately doubled in
value. It was reported by Kargarzadeh et al. [24] that char
percentage increased with acid hydrolysis along with the
increase in hydrolysis times. This was said to be ascribed to
the increase in the amount of sulfate groups, which acted as
flame retardants.

For the extracted celluloses, TGA revealed a slightly
higher onset of degradation and maximum decomposition
for the Hibiscus in comparison to the cotton, as previously
stated. Contrarily, this was not observed for the percent of
residue remaining for the extractions. As stated previously,
the residues for Hibiscus and cotton extractions are 28.68%
and 32.97%, respectively. Other analysis values may portray
a higher stability for the cotton extraction at 400∘C; per the
maximum decomposition temperatures, this is not the case.

According to TGA, MMCC is an ideal candidate for filler
due to the thermal stability at high temperatures (i.e., onset
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Figure 6: TGAweight loss curves revealing the thermodynamic behavior of neat andMMCC-based ABS plastic composites at various filling
ratios (a) and (b).

temperature and maximum decomposition temperature).
Onset and maximum decomposition are very important
properties when determining thermal stability of materials.
Hence, the values presented in Table 1 for MMCC are
the determining factors for considering the manufactured
cellulose as filler. The 𝑇

𝑔
was not revealed in DSC for the

celluloses.

3.4. Thermal Analysis of Cellulose-Based ABS Composites.
Figures 6(a) and 6(b) show thermal graphs for the cellulose
filled at different ratios of ABS to cellulose and neat ABS.
Upon initial observation of the thermal graphs featured in
Figures 6(a) and 6(b), the neat polymer sample has an onset
temperature higher than that of the as-received ABS pellet.
Based on this observation, we must note that the method
utilized for the fabrication of the neat ABS and cellulose-
based ABS composites apparently has a small initial effect on
their thermal stability [18, 32]. In the case of the neat ABS,
the slight improvement in thermal stability when compared
to the pellet ABS form can be attributed to the decrease
in density of dangling bonds of the ABS structure. Nishi
et al. [18] reported that molecules of the solvent used in
the solvent casting process of ABS can be absorbed by the
ABS polymer causing segments of ABS polymer structure
with dangling bonds to be attracted to the solvent molecules
leading to improvements in its impact strength. In addition,
it is proposed in this study that the same weak intermolecular
attractions between the absorbed solvent molecules and the
dangling bonds of the ABS provide a mechanism for a slight
instantaneous improvement in the thermal stability of the
ABS composite. That is, due to the increased intermolecular

attractions, a slight increase in the thermal energy needed
to promote degradation is observed. However, the residue
and rate of degradation for the pellet are more favorable
characteristics in comparison to the composites. This could
be due to, in the neat ABS case, observance of solvent
absorption for the ABS composites. Furthermore, the rate
of residue and moisture loss (weight loss) increased as the
amount of cellulose increased, with decreasing ABS, proving
that the ABS moisture absorbance significantly impacts the
thermal stability of the composite material (data not shown).

It can be observed that the incorporation of cellulose
microcrystals does not significantly change the initial onset of
degradation and the maximum decomposition temperature
at low concentrations of cellulose fillers added to the ABS
matrix when compared to its neat ABS counterpart; however,
significant changes in the thermal stability are observed
when the concentration of cellulose fillers is increased. A
more quantitative view can be observed from Table 2, which
consists of a list of tabulated values for the thermal analyses
depicted in Figures 6(a) and 6(b). It must be noted that the
onset temperature is significantly higher than that of the as-
received pellet in all samples where cellulose has been added.
However, upon comparison to neat ABS samples with the
cellulose filled composites, the onset temperatures recorded
for the higher ratios of ABS to cellulose (e.g., 32 : 1, 16 : 1,
8 : 1, 32 : 5, and 16 : 1) exhibit values that are similar to the
average onset temperature of 100.90∘C measured for its neat
ABS counterpart. Furthermore, increasing the concentration
of cellulose in the ABS matrix (e.g., 4 : 1, 23 : 10, 8 : 5, 6 : 5, and
1 : 1) exhibits a significant decrease in the onset temperature
when compared to the neat ABS.
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Table 2: Tabulated DSC and TGA values for neat and cellulose-based ABS composites.

Ratios (ABS : cellulose) 𝑇
𝑔

(∘C) Residue (%) Onset (∘C) Rate (%/∘C) Max decomp (∘C)
Pellet 104.45 ± 0.22 98.75 ± 0.08 62.86 ± 2.97 0.003 ± 0.001 162.79 ± 4.33
Neat 93.20 ± 5.07 91.59 ± 0.33 100.90 ± 2.48 0.21 ± 0.02 108.27 ± 3.21
32 : 1 MMCC 93.02 ± 6.34 90.37 ± 1.14 91.90 ± 3.40 0.22 ± 0.06 100.16 ± 4.85
16 : 1 MMCC 91.48 ± 7.07 90.49 ± 1.10 97.03 ± 3.50 0.19 ± 0.04 104.02 ± 3.49
8 : 1 MMCC 88.46 ± 1.99 91.59 ± 1.01 103.69 ± 1.88 0.13 ± 0.04 111.63 ± 5.69
32 : 5 MMCC 92.10 ± 6.65 88.33 ± 0.66 93.87 ± 1.57 0.18 ± 0.04 98.67 ± 1.17
16 : 3 MMCC 93.05 ± 7.65 87.48 ± 1.39 97.63 ± 3.41 0.18 ± 0.07 103.07 ± 5.31
4 : 1 MMCC 95.87 ± 2.64 81.42 ± 1.26 82.86 ± 1.47 0.26 ± 0.07 90.62 ± 3.41
23 : 10 MMCC 98.07 ± 1.77 77.86 ± 0.93 85.33 ± 2.11 0.29 ± 0.02 282.74 ± 1.47
8 : 5 MMCC 98.55 ± 5.23 73.99 ± 0.44 87.00 ± 1.10 0.32 ± 0.01 281.91 ± 2.10
6 : 5 MMCC 97.13 ± 1.12 71.75 ± 0.59 87.52 ± 0.50 0.37 ± 0.01 283.39 ± 0.69
1 : 1 MMCC 105.67 ± 0.09 75.06 ± 1.08 59.21 ± 6.07 0.50 ± 0.01 282.29 ± 1.87
32 : 1 cotton 94.55 ± 6.59 93.04 ± 0.90 109.45 ± 6.99 0.09 ± 0.02 131.95 ± 9.43
32 : 1 Hibiscus 98.39 ± 6.69 92.40 ± 0.42 116.07 ± 4.84 0.10 ± 0.04 124.19 ± 2.93

Unlike the onset temperature trend, the complete oppo-
site is observed for the maximum decomposition temper-
ature of the cellulose filled ABS composites. Although the
maximum decomposition temperature is similar for both the
neat and cellulose filled ABS composites at the lower con-
centration ofMMCC, as theMMCC concentration increases,
the thermal stability “maximumdecomposition temperature”
increases by a two-fold excess. In fact, at a ratio of 1 : 1,
ABS :MMCC, respectively, the onset temperature is lower
than the neat ABS but the decomposition temperature is
maximized. Given that the MMCC exhibits high thermal
stability (ca. 333.37∘C), it can be extrapolated that the increase
in thermal stability here corresponds closely to that of the
thermal properties of MMCC shown in Figures 4 and 5 and,
more closely, Table 1. That is, the increased thermal stability
here is surely attributed to the larger amount of cellulose
inducing a composite effect when trapped in the ABS matrix.
Šišáková [33] and Xanthos [34] have reported that the
addition of reinforcements along with the stage of mixing
and distribution of fillers within the polymer matrix will
significantly impact the thermal and mechanical properties.
El-Shekeil et al. [35] found that an increase in filler con-
tent decreased the thermal stability of kenaf fiber (Hibiscus
cannabinus) reinforced thermoplastic polyurethane compos-
ites. At lower temperatures, this was said to be attributed to
dehydration from cellulose and thermal cleavage of glycosidic
linkage, caused by transglycosylation and scission of C–
O and C–C bonds. At higher temperatures, aromatization,
involving dehydration reactions, was said to have caused
decomposition. Furthermore, it has been reported by Xue et
al. [36] that excessive dosages of additives no longer fulfill
their purpose and perform counterproductively.

Sanaeepur et al. [22] reported a 𝑇
𝑔
value of 108.98∘C

for pure ABS which is shown to be comparable to our
ABS pellets. In Table 2, it can be observed that the process
described in this paper does not significantly reduce the 𝑇

𝑔

value for ABS; in fact, in every composite the 𝑇
𝑔
value is

shown to be comparable. In comparison to the pellet, the 1 : 1
ratio is almost identical to 𝑇

𝑔
of the pellet.

Upon incorporation of cellulose fibers from different
biomass sources (see Table 2), a significant change in the
𝑇
𝑔
and maximum decomposition temperature is observed.

In the case of cellulose fibers extracted from cotton and
Hibiscus, 𝑇

𝑔
was very comparable. The maximum decom-

position temperature is observed at 131.36∘C, 124∘C, and
100.16∘C for the cotton fiber, Hibiscus fiber, and MMCC
composites, respectively. This could be explained in terms of
fiber uniformity and dispersion within the polymer matrix
[33]. In the case of the extracted cellulose, it is observed that
the cellulose crystals are slightly more uniform in shape and
size for both of the cotton and Hibiscus fibers; see Figures
3(b) and 3(c). Irregularities in the shape and size of fillers
will impact the uniformity of the fiber dispersion within
the polymer matrix during mixing. Furthermore, for the
composites consisting of extracted celluloses (see Figure 7),
they have the greatest thermal characteristics when compared
to neat and 32 : 1 MMCC counterpart samples in Table 2 and
Figure 7. The sulfate groups [2] introduced onto the surface
of the celluloses extracted from cotton and Hibiscus are the
cause behind the improved thermal properties. These sulfate
groups are known to produce charged surfaces that stabilize
[2] dispersion. The MMCC composites are expected to have
poorer dispersion of particles due the lack of hydrolysis
being performed. Without hydrolysis or another form of
chemical functionalization, cellulose naturally undergoes
hydrogen bonding due to the three hydroxyl groups located
on each glucose monomer, causing nonuniform dispersion
[25]. As chemical functionalization has the ability to disrupt
the strong hydrogen bonding behavior [25], the extracted
celluloses have the ability to disperse more uniformly, hence
causing a more thermally stable composite.

3.5. Thermomechanical Analysis of ABS Composites. Figure 8
shows the coefficient of thermal expansion (CTE) trend
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Figure 8: TMA bar graphs revealing the thermomechanical behav-
ior of neat and cellulose-based ABS plastic composites.

observed for the ABS composites filled with MMCC. The
initial CTE of the neat ABS is observed at around 20𝜇m/m∘C.
Upon the addition of 3%MMCC, the CTE increases dramat-
ically. Further increases in the amount of MMCC dispersed
within the polymer matrix yield a decrease in the measured
CTE values. However, after the addition of 25%MMCCfillers
(i.e., 4 : 1 ratio), a dramatic increase in the CTE values is
observedwith a continued decrease as the amount of cellulose
fillers is increasedwithin the polymermatrix. It is well known
that the shape and the dispersion of fillers in the polymer
matrix significantly impact its effect on the measured CTE
of its polymer host composite. DeSarkar and coworkers
[37] reported that upon the addition of various inorganic
fillers a dramatic change was observed for the polycarbonate
matrix and effectiveness of the impact of the fillers on the
measured CTE values of the polymer matrix was dependent
upon filler type and degree of dispersion. That is, better
dispersion of the fillers within the polymer matrix allowed

for greater interaction with the matrix, thereby decreasing
the CTE value. In this study, mechanical methods were not
used to mix the cellulose-based ABS composites, but rather a
rudimentarymethodwas used such aswooden stir sticks.The
uniformity of the dispersion during this process is unknown
and questionable in its dispersion homogeneity. Thus, we
speculate that the dispersion of the MMCC within the ABS
matrix governs the CTE trends observed for the cellulose-
based composites. (Note that investigations to determine the
nature of the dispensability of our cellulose fillers within
ABS polymer network via mixing method used here are
currently in progress.) Furthermore, the CTE value improves
significantly for the 1 : 1 ratio of ABS to cellulose when
compared to the neat ABS. Cellulose and wood pulp has been
found to have a low CTE, as well as having the capabilities
of reducing the CTE of composites [38–40]. The CTE for the
cellulose in this paper needs to be determined for a conclusive
answer but the large values and variations in the composites
observed can be attributed to the possible heterogeneous
mixture of the MMCC within the matrix. Additionally, the
presence of moisture and thermal stresses play a vital role in
the properties of these composites.

4. Conclusions

In this paper, we have found that extraction and drying
procedures of cellulose have a dramatic effect on dispersion
and thermal stability of polymer matrices. We have also
discovered that polymer dissolution is a very useful technique
for the improvement of cellulose filled ABS composites.
With cellulose having an effect on the properties of ABS, 𝑇

𝑔

was not dramatically lowered, which is a great quality for
manufacturing. Although the CTE does not have a distinct
trend, the average minus the standard deviation (STD) for all
samples falls below that whcih is reported.
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Schizophyllum commune UTARA1 was used for lipase production under solid state fermentation (SSF) of sugarcane bagasse (SB)
impregnated with used cooking oil medium. Pretreatments of steam, microwave, hydrochloric acid (HCl), sodium hydroxide
(NaOH), and their combinations, such as steam-assisted HCl, steam-assisted NaOH, microwave-assisted HCl, and microwave-
assisted NaOH, on the milled SB, were done prior to SSF to investigate their effects on lipase production via SSF.The highest lipase
activity among the pretreated SB was 0.200U/gSB, using steam-assisted HCl treated SB, which is lower than the lipase activity
produced from the untreated SB, which was 0.413U/gSB. Scanning ElectronMicroscope (SEM) imaging showed significant rupture
of the SB structure after steam-assisted-HCl pretreatments where the thin walls of the SB pith were wrinkled and collapsed, with no
distinctive cell wall structure. The HCl pretreated SB gave the highest crystallinity index (CrI), 91.43%, compared to the untreated,
61.90%. Conversely, microwave and NaOH pretreatments reduced the CrI, which were 46.15% and 43.36%, respectively. In this
study, the results obtained indicated that pretreated SB did not improve the lipase production of Schizophyllum communeUTARA1
under SSF.

1. Introduction

Agrowaste is composed of plant based materials, with cellu-
lose as the major polymer component of plant cell wall [1].
Cellulose is converted by cellulases, mainly endoglucanases
(EC 3.2.1.4), exoglucanases (EC 3.2.1.91), and 𝛽-glucosidase
(EC 3.2.1.21), into simple sugars [2] (Figure 1), which will be
utilized by most microorganisms to support their growth. To
produce glucose and cello-oligosaccharides, endoglucanase
will randomly cleave the carboxy methyl cellulose. Mean-
while exoglucanase attacks on the nonreducing end of the
microcrystalline cellulose to produce cellobiose. 𝛽-Glucosi-
dase will hydrolyze cellobiose to glucose. To release the
glucose, these three enzymes need to act synergistically [3].

Sugarcane bagasse (SB), an agrowaste, is abundantly
found in Malaysian night markets. After juice extraction by
night market vendors, the SB is being disposed to landfill.
This agrowaste mainly consists of two carbohydrate fractions
(cellulose and hemicellulose) embedded in a lignin matrix
[4]. Rezende et al. [4] and Karp et al. [5] reported that

the chemical composition of SB was cellulose (32–44%),
hemicelluloses (25–32%), and lignin (19–24%). Cellulose is a
linear 𝛽 (1,4)-glycosidic linked chain of D-glucose molecules
forming dimer cellobiose, with their basic fine fibers normally
composed of a crystalline form and a small amount of nonor-
ganized cellulose chains forms the amorphous regions [5, 6].

Cellulose, a polysaccharide composed only by D-glucose
units [5], will be degraded into simple sugars and consumed
rapidly by S. commune [7]. Hemicellulose is a polysaccharide
made up of C5 and C6 sugars with a lower molecular weight
than cellulose [5, 6]. Lignin, found in the cell walls, usually
offers structural support, impermeability, resistance against
oxidative stress, and microbial attack but it is the most
difficult for enzymatic digestion [5]. In addition to that, lignin
may prevent the degradation of cellulose by acting as an
enzymatic barrier or by inhibiting their function, causing
unproductive adsorption of the cellulases [4]. This renders
the problem of lignocellulosic residues easily accessible but
with limited values in biological processing due to the diffi-
culty in their digestibility [8].Thus pretreatment is carried out
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Figure 1: Enzymatic degradation of cellulose. Adopted from Karmakar and Ray [3].
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to eliminate lignin and sever the lignocellulose structure that
may cause the increase of accessible surface areas, decrease in
cellulose crystallinity, and/or the degree of polymerization,
or selectively remove hemicellulose and lignin in order to
expose the cell wall structure for better hydrolytic enzymes
accessibility for their hydrolysis [4–6].

Pretreatments such as physical or chemical treatments are
normally performed on the lignocellulosic agrowaste before
they can be used as substrates for a particular fermentation
process. The effectiveness of pretreatment methods depends
on the conditions acquired to support the fungal growth and
also to produce the desired products. Physical pretreatments
are normally used to disrupt the lignocellulosic material,
while chemical pretreatments engaged in chemical solutions
to degrade lignins, celluloses, and hemicelluloses presence in
the agrowaste [9].

Triglycerides, a natural component in fats and oils, are
hydrolyzed to glycerol and fatty acids with the aid of lipases
[10] as shown in Figure 2. Up to date, varieties of agrowaste
consist of oily substances that were routinely used to produce
lipase through solid state fermentation comprised of wheat
bran, rice bran, almond meal, neem oil cake, gingelly oil
cake, mustard oil cake, gingerly seed, groundnut oil cake, and
groundnut kernel [11]. InMalaysia, there is no proper channel

for the disposal of used cooking oil, mostly being thrown
into the drainage system or landfill. Thus, used cooking oil is
utilized as an inducer for lipase production in this study. The
cooking oil used is palm oil based, with their triacylglycerols
containing myristic acid, stearic acid, palmitic acid, linoleic
acid, and oleic acid as the major fatty acids which are known
to support bacteria and fungi growth in the presence of
moisture [12]. The supplied agrowaste was utilized as carbon
source (glucose) and support for microbial growth whereas
oils induce lipase production.

The sugarcane bagasse will be utilized by the fungus as
carbon source and support for its growth under solid state
fermentation, whereas the used cooking oil will be served as
inducer for the lipase production by the fungus. Hence, the
objective of this study was to examine the effects of various
pretreatments on SB to be used as carbon source for lipase
production by Schizophyllum commune UTARA1.

2. Materials and Methods

2.1. Sample Collection and Preparation. Sugarcane bagasse
(SB) without its outer rind was collected from a night market
located in Ipoh, Perak,Malaysia. It was washedwith tap water
and distilled water to remove sand and impurities. Then,
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the SBwas dried at 70∘C for 24 hours beforemilled and sieved
to particle sizes ranging from 0.85 to 1.5mm. On the other
hand, the used cooking oil was collected from a night market
in Kampar, Perak, Malaysia. The used cooking oil was left at
room temperature for sedimentation before further use.

2.2. Fungal Cultivation and Identification. Isolate UTARA1
wasmaintained at 30∘C on potato dextrose agar incorporated
with 1% of used cooking oil. The extraction of fungal DNA
was conducted according to Liu et al. [13]. The extracted
genomic DNA was subjected to polymerase chain reaction
(PCR) with the following PCR profile: initial denaturation
at 94∘C for 5min, followed by denaturation at 94∘C for
30 sec, annealing at 55∘C for 30 sec, and extension at 72∘C
for 30 sec, for 35 cycles, and final extension 72∘C for 5min
using ITS1 (5-TCCGTAGGTGAACCTGCGG-3) and ITS4
(5- TCCTCCGCTTATTGATATGC-3) primers [14].

2.3. Pretreatments of Sugarcane Bagasse. The milled SB were
subjected to physical pretreatment, that is, autoclave at 121∘C
at 15 psi for 60 minutes and domestic microwave oven
(Panasonic NN-ST557M) with the operating frequency of
2450MHz at medium heat of 600W for 5 minutes and
chemical pretreatment such as soaking in 2N HCl and in
3N NaOH for 1 hour at room temperature, respectively. A
combination of physical and chemical pretreatments was also
carried out which were steam-assisted HCl pretreatment,
steam-assisted NaOH pretreatment, microwave-assisted HCl
pretreatment, and microwave-assisted NaOH pretreatment.
After these pretreatments, the SB was washed with tap water
and then soaked in distilled water overnight to remove the
acid or alkali residues. Then, the SB was dried at 70∘C until
its weight was constant.

2.4. Solid State Fermentation. Four grams of treated or
untreated SB were placed separately in different 250mL
flasks. Used cooking oil (4mL) was added to each flask
and mixed before the flasks were sent for sterilization. Fer-
mentation medium, with slight modification from Ganguly
and Banik [15] (w/v), glucose, 0.2%, urea, 0.2%, MgSO

4
,

0.01%, and K
2
HPO
4
, 0.1%, was autoclaved separately before

being added into each flask and maintaining the substrate
to moisture ratio (g :mL) at 1 : 2. The flasks were then mixed
before inoculation with 7 mycelia discs (5mm diameter) and
then incubated at 30∘C for 5 days, according to previous
studies (data not published).

2.5. Crude Enzyme Extraction. Phosphate buffer (0.1M, pH
7) was added to extract the crude enzyme at the buffer to
SB ratio of 10 : 1. The flasks were agitated in orbital shaker at
200 rpm, 30∘C for 30 minutes. Then, it was filtered through
muslin cloth. The filtrate was later centrifuged at 13 000 rpm
for 5min. The supernatant will be subjected to lipase assay.

2.6. Lipase Assay. The lipase was assayed and carried out
using 2.5mM 4-nitrophenyl laurate (NPL) (Sigma) as sub-
strate with slight modification from Winkler and Stuck-
mann [16]. The assay mixture was prepared with 0.2mL of

isopropanol containing NPL, mixed with 1.6mL of 0.1M
phosphate buffer (pH 7) and 0.2mL of crude enzyme extract.
The substrate was freshly prepared before the assay. The
absorbance was read at 410 nm every minute for 15 minutes
against an enzyme-free control. One unit of lipase activity is
defined as the amount of enzyme which releases 1 𝜇mol of
p-nitrophenol per minute under the assay conditions. Under
the conditions described, the extinction coefficient of NPL is
𝜀 = 1.6mM−1 cm−1.

2.7. Scanning Electron Microscopy. Field Emission Scanning
Electron Microscope (JEOL JSM-6701F) was used to observe
the modifications on the pretreated SB particles to compare
with the untreated SB particles. Samples were adhered to
carbon tape before observation through an acceleration
voltage of 3.0–5.0 kV and working distance of ∼19mm.

2.8. X-Ray Diffraction (XRD). X-ray diffraction was used to
evaluate the crystallinity of the cellulose fibers by means
of X-ray Diffractometer (XRD-6000 Shimadzu). The X-ray
unit was operated at 40 kV and 30mA. The pretreated and
untreated SB were scanned over the angular range of 2∘ to 40∘
2𝜃. The crystallinity index (CrI) was calculated based on the
following formula proposed by Segal et al. [17]:

Crystallinity index (CrI) =
𝐼
002
− 𝐼am
𝐼
002

× 100, (1)

where 𝐼
002

is the intensity for the crystalline segment (cel-
lulose) at 2𝜃 between 22∘ and 23∘ and 𝐼am is the amorphous
segment (cellulose, hemicelluloses, and lignin) at 2𝜃 between
18∘ and 19∘ [18].

3. Results and Discussion

3.1. Fungal Identification. PCR amplification of the fungal
DNA, with the band size of 650 bp, was successfully obtained.
The amplifiedDNAwas sequenced, aligned against sequences
in GenBank at National Center for Biotechnology Informa-
tion (NCBI), and was found to be Schizophyllum commune,
with an identity of 99% and 0% of gaps. The sequence was
then deposited into GeneBank and named as S. commune
UTARA1 (Accession number: KJ608191).

3.2. Lipase Production with Schizophyllum commune UTARA1.
Among the physical pretreatment investigated, lipase
obtained from the microwave treated SB is 15-fold higher
compared to steam treated SB (0.010U/gSB). Their lipase
productions were considered relatively low when compared
with untreated SB, which was 0.413U/gSB (Table 1). The SB
CrI has increased after being treated with steam (67.38%),
comparing to the untreated SB (61.90%). In the presence
of high temperature, the crystalline part of cellulose is
exposed due to degradation of hemicelluloses and lignin
transformation [19, 20]. However, the reduction of the
CrI for microwave treated SB, which was 46.15%, can be
observed. The low CrI indicates high amorphous regions
in the agrowaste. By comparing the lipase production from
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Untreated surgacane bagasse

(a)

Steam treated sugarcane bagasse

(b)

Microwave treated sugarcane bagasse

(c)

HCl treated sugarcane bagasse

(d)

NaOH treated sugarcane bagasse

(e)

Steam-assisted HCl treated sugarcane bagasse

(f)

Steam-assisted NaOH treated sugarcane
bagasse

(g)

Microwave-assisted HCl treated sugarcane
bagasse

(h)

Microwave-assisted NaOH treated sugarcane
bagasse

(i)

Figure 3: SEM images of sugarcane bagasse. (a) Untreated, (b) steam, (c) microwave, (d) HCl, (e) NaOH, (f) steam-assisted HCl, (g) steam-
assisted NaOH, (h) microwave-assisted HCl, (i) and microwave-assisted NaOH.

Table 1: Effects of various pretreatments on SB crystallinity index
(CrI) and fungal lipase activity.

Pretreatments SB crystallinity
index (CrI) (%)

Lipase production
(U/gSB)

Untreated SB 61.90 0.413
Steam 67.38 0.010
Microwave 46.15 0.150
HCl 91.43 n.d.
NaOH 43.36 n.d.
Steam-assisted HCl 88.89 0.200
Steam-assisted NaOH Incalculable n.d.
Microwave-assisted HCl 0 n.d.
Microwave-assisted NaOH Incalculable n.d.
n.d.: not detected.

the steam treated and microwave treated SB, S. commune
UTARA1 prefer the SB with high amorphous regions. Park et
al. [21] indicated that an amorphous region was considered
as “easy and presumed” material for enzymatic digestion
before the digestion of the difficult crystalline cellulose.
In spite of this, no distinct morphological changes can be
observed under SEM, as shown in Figures 3(a), 3(b), and
3(c) for untreated, steam treated, and microwave treated SB,
respectively.

Strong acid treatment, such as HCl, hydrolyzes cellulose
and hemicelluloses to produce sugars [22]. It was reported
that HCl degrades hemicelluloses into pentoses and hexoses
and acts as catalyst to convert them to furfural and 5-
hydroxymethylfurfural (HMF) which are inhibitors to most
microorganisms during fermentation process [5, 23, 24]. In
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this study, the levels of HMF in samples were not established.
From the findings fromTsigie et al. [24], 0.39 g/L of HMFwas
produced using 1% HCl, with the SB to acid solution ratio of
1 : 15, at 121∘C for 45 minutes. Besides, they also found that
the increment of HMF production is directly proportionate
with the increment of HCl concentration, which was from
0.39 g/L (1% HCl) to 0.83 g/L (3% HCl) during SB treat-
ment. Shu and Hsu [25] also found that poor fermentation
performance, such as cell growth inhibition and product
formation limitation of S. commune ATCC 38548, might be
due to furfural, HMF, and acetic acid. When HMF is present,
the fungal growth will be influenced and thus affect the
lipase production. Hence, no lipase activities were detected
for system using HCl and microwave-assisted HCl treated
SB. However, a combination of steam and HCl treatment
increased the lipase activity to 20-fold compared to steam
treatment. Flash point is defined as the lowest temperature
where the fuel can vaporize to appear as an ignitable mixture
in air [26]. Since the flash point for furfural is 68∘C [27]
and HMF is 79∘C [28], they were eliminated by the steaming
process under pressure in the autoclave, 121∘C at 15 psi for
60 minutes. This is in concurrence with Figure 3(d), as the
organized structure of the pith was unstructured and has a
twisted appearance, and also Figure 3(f), where the thin walls
of the sugarcane bagasse pith were wrinkled and collapsed,
with no distinctive cell wall structure. The hemicelluloses
degradation had occurred in the SB when treated with HCl
and steam-assisted HCl, with the CrI of 91.43% and 88.89%,
respectively. As for microwave-assisted HCl treatment, the
SB structure did not differ much (Figure 3(h)) from the
untreated (Figure 3(a)).

Alkaline treatments would remove lignin and also slight
hemicellulose fractions; however, it will incorporate inhibitor
formation, such as aldehydic, phenolic, aromatic, and pol-
yaromatic that may be released from the delignification pro-
cess [29]. Phenolic compounds have a significant inhibitory
effect and are more toxic than furfural and HMF [29]. Thus,
the lipase activities were not detected for fermentation using
NaOH-related treated SB. As shown in Figures 3(e), 3(g), and
3(i), the SB bundles were found apart and the fibers disen-
gaged from each other, indicating the removal of lignin from
SB. Furthermore, the organized structures of the SB pith were
seen collapsed and wrinkled, as shown in Figure 3(i), as the
amorphous regions (lignin and hemicellulose) were removed.
As for the NaOH-related treated SB, only CrI of NaOH
treated SB was detected, which was 43.36%. The decrease
in value is in accordance to Mohkami and Talaeipour [18],
stating that the hydrogen bonds in crystalline cellulose will
be cleaved during NaOH treatment. Due to the efficiency of
alkaline treatment in lignin and slight hemicelluloses removal
[29], there were no amorphous peaks for steam-assisted
NaOH and microwave-assisted NaOH treatments.

Even though pretreatments of agrowaste are reported
useful in delignification of lignocellulosic materials and
enhance the accessibility of microbe in fermentation process,
nevertheless, this study shows that CrI has no direct corre-
lation with the lipase production by S. commune UTARA1.
But the CrI may influence fungal growth, depending on
the crystalline and amorphous regions. Lipase yield basically

depended more on the cooking oil as an inducer and not the
changes in SB components. This was also supported by Kim
and Holtzapple [30] in another study, whereby the removal
of the amorphous components in the corn stover did not
negatively affect the yield of enzymatic hydrolysis.

4. Conclusions

The various pretreatments carried out on the SB had sig-
nificant effects on the lipase production, nevertheless, the
untreated SB was more suitable over pretreated SB as the
substrate for SSF for lipase production. This is due to the
present of inhibitors that are toxic to S. commune during
the chemical pretreatment process which indirectly influence
its growth and lipase production. SEM images showed that
some pretreatments disrupt the morphological structures of
SB. Due to the changes in the SB structure, the CrI of each
substrate also differed.
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The mechanical properties of oil palm shell (OPS) composites were investigated with different volume fraction of OPS such as 0%,
10%, 20%, and 30%using unsaturated polyester (UPE) as amatrix.The results presented that the tensile strength and tensilemodulus
of the UPE/OPS composites increased as the OPS loading increased. The highest tensile modulus of UPE/OPS was obtained at
30 vol% of OPS with the value of 8.50GPa. The tensile strength of the composites was 1.15, 1.17, and 1.18 times higher than the pure
UPE matrix for 10, 20, and 30 vol% of OPS, respectively. The FTIR spectra showed the change of functional group of composites
with different volume fractions of OPS. SEM analysis shows the filler pull-out present in the composites which proved the poor
filler-matrix interfacial bonding.

1. Introduction

Over the past few decades, natural fiber composites have
gained significant importance in various applications such
as automotive components for producing seat backs, door
panels, package trays, headliners, interior parts, and dash-
boards [1, 2]. The idea of the conventional nonrenewable
reinforcement substitution such as glass fiber with natural
fiber is invented as a response to the environmental legislation
as well as consumer pressure.Thus, environmentally friendly
natural fiber composites are widely introduced to industries
as they possess many advantages over synthetic fibers such as
renewable source, biodegradability, low density, low energy
consumption, and nonabrasiveness [3, 4]. Natural fiber rein-
forced polymer composites also have some disadvantages
such as incompatibility with petroleum based polymeric
matrices, high moisture absorption capability, and insuffi-
cient adhesion between hydrophilic fiber and hydrophobic
polymer [5].

Recently thermosetting resin such as epoxies, polyester,
and phenolic has attracted the attention of the scientist,
researchers, and manufacturers. Orthophthalic unsaturated
polyester (UPE) has been used due to its advantages over

other thermosetting resins, including goodmechanical, ther-
mal, and room temperature cure capability, low cost, and
transparency [6, 7]. Utilization of oil palm shell (OPS) as filler
materials in the manufacture of biocomposites can solve the
agriculture disposal problem in an environmentally friendly
manner. OPS are being used as thermal insulator, concrete
ingredient in building industry, carbon activation for water
purification, fuel for the heat generation, and automobile disk
brake pad [8]. Previous finding showed that the usage of OPS
in the PP matrix enhanced the tensile strength, elongation at
break, and impact strength but reduced the tensile modulus
of the PP composites [9].This contributes a significant role in
improving themechanical properties of the polymer compos-
ite.

Malaysia is the world’s second largest palm oil producers
and exporters after Indonesia. The palm oil industry of
Malaysia generates approximately 80 million tons of solid
waste biomass annually, including empty fruit bunch, trunk,
frond, mesocarp fiber, and oil palm shell. Generally, oil
palm industries in Malaysia generate an abundant amount
of OPS approximately in 4 million tons per year [10]. Proper
utilization not only will be able to solve the disposal problem
but also can convert all of these by-products into higher
value-added products such as biocomposites [10]. Currently,
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the use of oil palm wastes as filler in composite materials has
gained attention among researchers and industries owing to
today’s ecological issues and economic factors. In this study,
OPS is chosen as filler due to its lower moisture content
(10%) among the other wastes such as EFB and sugar palm
fiber [11]. In order to achieve the objectives, the scope of the
research is to make a feasibility study on the addition of OPS
to the UPE matrix for the improvement of the mechanical
properties of composites. Different fiber loadings are used to
get the maximum fiber volume fraction to achieve optimum
composite strength. Fracture surfaces of the UPE/OPS bio-
composites and the presence of functional chemical groups
inOPS are examined by scanning electronmicroscopy (SEM)
and Fourier transform infrared spectroscopy (FTIR). The
mechanical properties test on composites was carried out
according to ASTM standard.

2. Experimental Details

2.1. Materials. Oil palm shell (OPS) with size 1.0–2.8mmwas
obtained from Beaufort, Sabah, Malaysia. The orthophthalic
unsaturated polyester resin and Methylethylketone Peroxide
(MEKP)with density 1.17 g/cm3 were supplied fromSepangar
Hardware, Kota Kinabalu, Sabah, Malaysia.

2.2. Sample Preparation. Specimens with four different com-
positions of filler content such as 0, 10, 20, and 30 vol%
of OPS in 100, 90, 80, and 70 vol% of an unsaturated
polyester matrix were mixed with 1 vol% of MEKP and were
prepared. The mixtures were poured into a flat surface mold
for preparing specimens of UPE/OPS composites using a
compression mold technique. The molds were left to cure in
room temperature for 24 hours. After curing time for the
composite material, the specimens were taken out and cut
into the standard tensile dimension by using a hacksaw.

2.3. Tensile Testing. The tensile test was performed according
to ASTM D5083. The test was carried out with a Univer-
sal Testing Machine (UTM) model GOTECH AI-7000-M
equipped with a load capacity of 10 kN. 10 specimens were
cut from the plates by using cutter with the size of specimens
for the tensile test being 150mm (length, 𝐿) × 25mm (width,
𝑊) × 3mm (thickness, 𝑇).

2.4. Water Absorption Test. Water absorption test was car-
ried out according to ASTM D570. Edges of the samples
were sealed with polyester resin and subjected to moisture
absorption. The samples were dried at 80∘C for 24 hours.
The specimens were weighed and recorded using weighing
balance.The composite specimenswere immersed in distilled
water at room temperature until the water content reached
saturation [12]. The specimens were periodically taken out of
the water, wiped with a clean dry cloth to remove the surface’s
water, and weighed again within 1 minute of removing them
from water in order to avoid any errors due to evaporation.
The weight mean of specimens was recorded using standard
weighing balance with 3-decimal place [0.001 g] readability.

2.5. Measurement of Density. The density (𝜌) of composite
was determined using standard formula [3]. Initially, speci-
mens were weighted (𝑚) and then the volume (𝑉), that is,

10mm (length, 𝐿)× 10mm (width,𝑊)× 3mm (thickness,𝑇),
of the specimens was measured.

2.6. Fourier Transform Infrared Spectroscopy. Fourier trans-
form infrared (FTIR) spectroscopy was used in order to
detect the presence of the functional groups in the compos-
ites. The spectra of the composites were obtained using an IR
spectrometer (Perkin-Elmer Spectrum 100). About 2mg of
the sample was pressed into a disc of about 1mm thick. The
FTIR spectra of the sample were collected in the range of
4000–600 cm−1.

2.7. Scanning Electron Microscope (SEM) Analysis. Morpho-
logical studies of the UPE/OPS composites were carried out
using an SEM JEOL JSM-5610LV. SEM was used to observe
the fracture surface of the composite samples.

2.8. Statistical Analysis. Statistical analysis method was used
in order to analyse the result obtained. One-way analysis of
variance (1-way ANOVA) test with 𝑃 value < 0.005 was used
to determine whether increasing OPS content gives signifi-
cant effect on the composite tensile properties such as tensile
strength, tensile modulus, and elongation at break.

3. Results and Discussion

3.1. Tensile Properties. Mechanical properties of UPE/OPS
were presented in Figure 1 at a different volume fraction of
fiber (0, 10, 20, and 30 vol%). It showed that Young’s modulus
of 10 vol% was higher than pure unsaturated polyester, but
it was getting lower when the fiber content was increased
to 20 vol% as displayed in Figure 1(a). The highest tensile
modulus forUPE/OPSwas obtained at 30 vol%with the value
of 8.50MPa. Since the addition of OPS particles to UPE
matrix developed a rigid interface, it will inhibit the matrix
chain mobility and cause the tensile modulus of UPE/OPS to
increasewith the addition ofOPS to 10 vol%.This is attributed
to stiffer and more rigid composites [13]. For 20 vol% of OPS,
the value showed lower tensile modulus (stiffness) of the
composites which in turn increased the elongation at break
as a stiff material reducing deformability of a rigid interface
between the OPS and matrix and changed its shape slightly
under elastic loads [14].

Figure 1(b) shows the effect of fiber content on the
tensile strength of UPE/OPS composites. From the figure,
the tensile strength increased with the increasing of filler
content due to the strong interfacial bonding between the
UPE matrix and OPS particles. A strong bonding between
the hydrophilic filler and the hydrophobic matrix polymer
increased the stress transfer efficiency and resulted in higher
strength [15]. Therefore, the composite can sustain higher
load before failure compared to the unreinforced polyester.
The tensile strength of the composites was 1.15, 1.17, and 1.18
times higher than the pure matrix for 10 vol%, 20 vol%, and
30 vol%, respectively. Based on the ANOVA analysis, there is
significant difference in the tensile strength of the different
OPS contents.

The elongation at break increased with the increase of
loading up to 20 vol% and then decreased with 30 vol%
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Figure 1: Mechanical properties results of UPE/OPS composites: (a) Young’s modulus, (b) tensile strength, and (c) elongation at break.
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Figure 2: Water absorption of UPE/OPS composites.

of UPE/OPS composites as presented in Figure 1(c). This
showed that addition of OPS up to 30 vol% enhanced the
rigidity of the composite formed. This could be attributed
to insufficient wetting of the fiber as well as the possibility
of increasing fiber-rich or matrix-rich areas within the com-
posite and led to poor interfacial bonding between the fiber
and thematrix [16]. According toAzuan [7], the decrement in
elongation at break is due to poor interfacial bonding between
OPS and matrix. Hence, it can be said that the UPE/OPS
composite with 20 vol% OPS has relatively higher or better
elasticity.
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Figure 4: FTIR of UPE/OPS composites.

3.2. Water Absorption. Based on Figure 2, the water absorp-
tion of UPE/OPS composites increased with OPS content,
which indicated that water absorption of composite is higher
than the UPE matrix. As proposed by Salmah et al. [13], the
structure of OPS consists of hydroxyl groups that give the
hydrophilic properties of absorbing water which has been
proved by pure polyester that shows the lowest percentage in
water absorption. Moreover, the presence of microcracks and
gaps between OPS and UPE enhance the diffusion of water
and thus the water absorption increases with the increase

of OPS content. This result proves that the OPS possess low
moisture absorption compared to sugar palm fiber reinforced
unsaturated polyester composites which gives high value of
water absorption, that is, 1.57% and 3% for EFB reinforced
polyester composites [17, 18].

3.3. Density Property. The effects of fiber content on the
density of composites are given in Figure 3. The unsaturated
polyester (UPE) matrix had a density of 1.29 g/cm3, and the
composite density decreased relative to the matrix with the
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Figure 5: SEM at 1000x magnification of tensile fracture surface of UPE/OPS composites: (a) 0 vol% OPS; (b) 10 vol% OPS; (c) 20 vol% OPS;
and (d) 30 vol% OPS.

addition of OPS to the UPE matrix. The density of UPE/OPS
composites was 1.26 g/cm3, 1.24 g/cm3, and 1.20 g/cm3 for 10,
20, and 30 vol% of OPS content, respectively. Thus, from our
finding, it is clearly showed that the density of UPE/OPS
composites decreased linearly with the increase of OPSwhich
fulfils the requirement of manufacturer for application in
both construction and automotive industries.

3.4. FTIR Analysis. From Figure 4, The FTIR spectra show
that the peaks appearing in the 4 spectra were almost the
same. In neat unsaturated polyester, the band at 3412.61 cm−1
is characteristic of the hydrogen bonded -OH stretching
vibration. This is partly because the sample had been exhib-
ited in the open air for days, and, as a consequence, there
had been almost continuous absorption of moisture into the
unsaturated polyester. Furthermore, this peak is caused by
the hydroxyl group from MEKP as well. Neat unsaturated
polyester has a peak at 3074.41 cm−1 resulting from the =C-H
stretch in aromatic and unsaturated hydrocarbon, and a
peak at 2932.01 cm−1 resulting from the -CH

3
and -CH

2
in

aliphatic compounds. The peak at 1726.08 cm−1 indicates the
presence of C=O stretching and the peaks at 1610.38 cm−1 and
1450.19 cm−1 can be assigned to aromatic ring stretching.The
peak at 1383.44 cm−1 was corresponding to theCOO- stretch-
ing. The absorption bands observed in the 1285.54 cm−1 and

1120.89 cm−1 are related to the C-O-C stretching in ester. The
bands at 1067.49 cm−1 are due to the unsaturated in-plane
deformation. A doublet at 751.55 cm−1 and at 698.15 cm−1
might be attributed to C-H out-of-plane deformation for
unsaturated, aromatic compound. In addition, the peak at
475.65 cm−1 indicates the presence of C-O-C bending in
ether.

For OPS reinforced unsaturated polyester, the wavenum-
ber in the range of 3417.06 cm−1 to 3421.51 cm−1 indicated the
O-H stretch of the hydroxyl group from cellulose, hemicellu-
lose, and lignin. The intensity of this -OH group absorption
band is increasedwith increasingOPS content.This indicated
that the hydrophilic properties ofOPS are increased.Thepeak
in the range of 1726.08 cm−1 to 1730.53 cm−1 is C=O stretch
from hemicellulose and lignin. The band in the range of
1441.29 cm−1 to 1454.64 cm−1 is due to the presence ofO-CH

3

in lignin.The peak at 1276.64 cm−1 can be assigned to C-O-C
stretching and confirmed the formation of ester bonds. The
peak in the range of 1125.34 cm−1 to 1129.79 cm−1 contributed
to C-O-C in ether group from cellulose, hemicellulose, and
lignin.The peaks in the range of 1063.04 cm−1 to 1071.94 cm−1
are due to the C-O stretch in C-OH. Moreover, peak in the
range of 471.20 cm−1 is referring to C-O-C bending in ether
group.
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Figure 6: SEM micrograph of UPE/OPS composite with 20 vol%
OPS at 1000x magnification.

3.5. SEM Analysis. Figure 5 shows the fracture surface of
UPE/OPS composites after tensile testing. It shows that the
filler detached from the fracture surface in the composites
which proved the poor filler-matrix interfacial bonding [17].
The presence of a discontinuity between filler and matrix is
mainly caused by the poor wetting of the hydrophilic filler by
a hydrophobic polymeric matrix [19]. In Figure 6, it can be
seen that some of the fibers broke at the fracture plane.

4. Conclusions

The study found that the increasing of OPS content has
increased the tensile strength of UPE/OPS composites. The
results showed that the optimum fiber content for the tensile
modulus of UPE/OPS was 30 vol% OPS with the value of
8.50GPa.The tensile strength of the composites were 1.15, 1.17,
and 1.18 times higher than the pure UPE matrix for 10 vol%,
20 vol%, and 30 vol%, respectively. For the elongation at
break, it was increased with the increasing of OPS loading
up to 20 vol%. The water absorption and moisture content
of UPE/OPS composites increased with increasing of OPS
content due to the hydroxyl groups in the fibers. SEM analysis
shows that the filler detached from the fracture surface which
proved the poor filler-matrix interfacial bonding.
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