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Abstract Pineapple peel is a renewable agricultural
residue available in abundance whose multipurpose
utilization deserves more attention. The present study
aimed at the isolation of nanocellulose from pineapple
peel and evaluation on its reinforcement capability for
gellan gum film. The results from scanning electron
microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR) and X-ray diffraction (XRD) indi-
cated the progressive removal of non-cellulosic
components and the non-destruction of cellulose
structure following bleaching and alkali treatments.
Atomic force microscopy image of the nanocellulose
displayed a needle-like structure with averages of
15 = 5 nm in diameter and 189 =+ 23 nm in length.
Thermal gravimetric analysis (TGA) indicated that the
obtained fibres after bleaching and alkali treatments
showed higher thermal stability than the untreated
pineapple peel. Although showing an earlier initial
degradation temperature, the obtained nanocellulose
remained the maximum residue after being heated to
500 °C. The rheological results indicated that the
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viscosities of the nanocellulose/gellan gum solutions
increased slightly with the increase of nanocellulose
content. The prepared films were characterized by
FTIR, SEM, XRD, TGA, light transmittance and
mechanical properties. The introduction of nanocellu-
lose decreased light transmittance values but enhanced
the thermal stability of gellan gum film. Compared
with the neat gellan gum film, the 4% nanocellulose
loaded gellan gum film showed 48.21% improvement
in tensile strength.

Keywords Pineapple peel - Nanocellulose -
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Introduction

In recent years, many works have been devoted to
producing sustainable and environmental friendly
materials due to the increasing concerns on severe
environmental pollution. So, the utilization of biomass
residues as feedstock for application in energy and
materials becomes the object of intensive academic
and industrial research (Santos et al. 2013). Cellulose is
an extensive crystalline homo-polymer of anhydroglu-
copyranose units (AGU) via B-1,4-glycosidic linkage
and intra- and inter-molecular hydrogen bonds (Dai
and Huang 2017a, b; Nepomuceno et al. 2017; Saelo
et al. 2016). As one of the most abundant natural
polymers on the earth (a yearly production of about
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1.5 x 10"? tons), cellulose has received increasing
research interest owing to its environmental friendly
advantages and attractive features, such as nontoxicity,
biological biodegradation, biocompatibility, excellent
thermal and mechanical properties, renewability and
easy modification (Dai and Huang 2016, 2017a, b;
Khawas and Deka 2016; Zhang et al. 2017a, b).
Recently, highly crystalline nanoscale materials,
namely cellulose nanocrystals (CNCs) or reported in
the literature as whiskers, nanofibers, nanocelluloses,
cellulose crystallites or crystals, have garnered more
and more interest due to attractive characteristics,
including biocompatibility, biodegradability, light
weight, non-toxicity, stiffness, renewability, sustain-
ability, optical transparency, low thermal expansion,
gas impermeability, adaptable surface chemistry, and
improved mechanical properties (Lagerwall et al.
2014; Trache et al. 2017). Hence CNCs potentially
have application in nanocomposites, papers, coating
additives, electrolytes, foams, aerogels, food packag-
ing, and gas barriers (Abdul Khalil et al. 2014; Brinchi
et al. 2013; Hu et al. 2013a, b; Sharmin et al. 2012).
Generally, CNCs are needle-shaped nanometric or
rod-like particles with at least one dimension equal to
or less than 100 nm (Flauzino Neto et al. 2013). CNCs
are traditionally obtained by acid hydrolysis through
partially dissolving cellulose fibrils (Feng et al. 2015;
Nepomuceno et al. 2017). Naturally, cellulose molec-
ular chains are biosynthesized, self-assembled and
repeatedly aggregated along cellulose chains to form
microfibrils, composed of crystalline and amorphous
domains (Haafiz et al. 2014). The amorphous regions
in cellulose structure are preferentially hydrolyzed and
removed when being subjected to strong acid hydrol-
ysis, while the crystalline regions are not easily
hydrolyzed due to their higher resistance to acid (Feng
et al. 2015). The most common hydrolyzing agent is
sulfuric acid, which can react with the surface
hydroxyl groups of cellulose via an esterification
process by allowing the grafting of anionic sulfate
ester groups. The production of these negatively
charged groups can promote dispersion of the nanocel-
Iulose in water by electrostatic repulsion (Dufresne
2013; Feng et al. 2015). In the last decade, agricultural
wastes or by-products such as rice husk (Johar et al.
2012), pineapple leaf (Santos et al. 2013), pine wood
and corncob (Ditzel et al. 2017), soy hulls (Flauzino
Neto et al. 2013), kelp residue (Feng et al. 2015),
banana peel (Khawas and Deka 2016), oil palm
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biomass (Haafiz et al. 2014), sugarcane bagasse
(Mandal and Chakrabarty 2011), red algae marine
biomass (Chen et al. 2016), and sugar beet pulp (Li
et al. 2014) have been investigated as the sources for
producing CNCs.

Pineapple, as one of the most popular typical tropic
fruits, is produced in the world totaling 16—19 million
tonnes annually (Dai and Huang 2016). Pineapple is
primarily consumed as fresh fruit and juice, and also
available as food complements in desserts, salads, fruit
cocktail, jam, juice combinations or can food process-
ing industries, and can be a source of bromelain (Dai
and Huang 2017a, b; Kaur et al. 2016; Krishni and
Hameed 2014). However, pineapple peel, accounting
for 35% of the total pineapple weight, is generated
during the pineapple processing. Here it is worth noting
that the disposal of pineapple peel is costly and its
deposition on a large scale can cause serious environ-
mental issues (Hu et al. 2010). Hence from a waste
processing point of view, pineapple peel should be a
good biomass obtained without any additional cost
input for industrial purposes. Pineapple peel is princi-
pally composed of cellulose, hemicellulose, lignin and
pectin in which cellulose generally accounts for
20-25% of the dry weight of pineapple peel according
to our previous works (Dai and Huang 2016, 2017a, b).
Hence, the multipurpose utilization of pineapple peel is
of important significance, especially in the use of
cellulose. Until now, there have been some reports on
the utilization of pineapple peel, including cellulose
extraction (Zhang and Xia 2012), bromelain extraction
(Kaur et al. 2016), activated carbons (Foo and Hameed
2012), methanolic and biogas productions (Choonut
et al. 2014), and adsorbents (Bhatnagar and Sillanp
2010). Recently, our laboratory also reported on the
use of pineapple peel as the material for isolating
cellulose and preparing cellulose-based hydrogels (Dai
and Huang 2016, 2017a, b; Dai et al. 2017, 2018a, b;
Hu et al. 2010, 2013a, b).

Gellan gum (GGm) is a linear anionic extracellular
polysaccharide isolated from bacterium Sphin-
gomonas elodea (originally named Pseudomonas
elodea) with a repeated tetrasaccharide unit of -p-
glucose, B-D-glucuronic acid, and a-L-rhamnose units
at a molar ratio of 2:1:1 (Xu et al. 2007). Due to low
toxicity, biodegradability, stability to acid and alkali
as well as gelatinity, GGm is intensively applied in the
food industry as a food additive approved by the FDA
(Karim and Bhat 2008). More recently, regarding the
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excellent film-forming ability, a series of films based
on GGm have been investigated for applications in
drug delivery (Xu et al. 2007), anti-adhesion barrier
(Lee et al. 2012), bone regeneration (Chang et al.
2010), transparent dressing materials (Ismail et al.
2014), antioxidant materials (Criado et al. 2015) and
paper cups (Zhang et al. 2017a, b).

The main objectives of the present study are to
isolate nanocellulose from pineapple peel and then
evaluate its potential application in GGm films. To
achieve these objectives, nanocellulose was firstly
obtained using sulfuric acid hydrolysis preceded by
bleaching and alkali treatment. The characterization
and comparison were conducted by Fourier transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), X-ray diffraction (XRD), thermo-
gravimetry (TG), and atomic force microscopy
(AFM). The films were then prepared by casting and
water evaporation, and characterized by FTIR, SEM,
XRD and TG. Moreover, the effects of nanocellulose
on the light transmittance and mechanical properties
of the films were investigated.

Materials and methods
Materials and reagents

Pineapple peel at mature edible stage was obtained
from a local pineapple processing factory (Guangzhou
City, China). Gellan gum (GelzanTM, low-acyl form)
was provided by Sigma-Aldrich (USA). Sodium chlo-
rite (NaClO,), used for bleach treatment, was purchased
from Shanghai Aladdin Reagent Co., Ltd. (Shanghai,
China). Sodium hydroxide (NaOH), used for alkali
treatment, was supplied by Tianjin Fuchen Chemical
Reagent Co., Ltd. (Tianjin City, China). All other
chemicals used in this experiment were of analytical
grade and solutions were prepared with distilled water.

Preparation of pineapple peel cellulose

Cellulose was isolated from the pineapple peel
according to the method described by Hu et al.
(2010) with some modifications. The collected pineap-
ple peel was cleaned thoroughly with running tap
water followed by soaking in distilled water for 1.0 h
to remove dirt or dust. After being dried and pulver-
ized, the powdered pineapple peel (untreated PP) was

firstly stir-treated with distilled water at a liquor ratio
of 1:20 g/mL and 80 °C for 2 h. The residue was
subsequently delignified with 7.5% (w/v) sodium
chlorite solution (pH 3.8-4.0, adjusted by 4 mol/L
hydrochloric acid solution) at 75 °C for 2 h. After
filtration, the residue was washed with distilled water
until the washing liquid turned colourless. Then the
residue (bleach-treated PP) was stir-treated with 10%
(w/v) sodium hydroxide solution at room temperature
for 10 h to remove hemicellulose, followed by wash-
ing with distilled water and 95% ethanol by turns until
the filtrate turned neutral. The residue was then dried
in an oven at 50 °C until a constant weight was
reached. Finally, the pineapple peel cellulose (PPC)
was available after pulverizing into particle size from
150 to 200 pm.

Isolation of pineapple peel nanocellulose

Isolation of pineapple peel nanocellulose was per-
formed using acid hydrolysis method described in the
reports (Mandal and Chakrabarty 2011; Santos et al.
2013). Briefly, the obtained PPC (about 10 g) was
hydrolyzed in 64% (w/w) sulfuric acid at a liquor ratio
of 1:20 g/mL and 50 °C for 45 min under vigorous
and constant stirring. Subsequently, the hydrolysis
was diluted by adding tenfold cold distilled water and
then centrifugated at 5000 rpm for 10 min. After
discarding the supernatant, the precipitate was col-
lected and continuously washed with cold distilled
water and then centrifuged again. The washing-
centrifuging process was repeated until the super-
natant turned turbid (about 4 washing—centrifuging
cycles). The collected suspension was dialyzed against
distilled water for 72 h at 4 °C. Finally, the resulting
suspension was sonicated for 30 min and stored at
4 °C for further use (for the films preparation). The
dried pineapple peel nanocellulose (noted as PPNc)
was obtained using a vacuum freeze drier at — 50 °C
for 24 h. The yield of PPNc isolated from PPC by the
above processing was almost 21%. The brief prepa-
ration procedure for PPNc is depicted in Scheme 1.

Preparation of GGm/PPNCc films
The GGm/PPNc films were prepared by casting and
evaporation process also as depicted in Scheme 1.

Briefly, 1% (w/w) of GGm solution containing varied
amount of PPNc (2, 4, 6, 8 and 10% of gellan gum,
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Scheme 1 Experimental procedure for PPNc preparation and its application in GGm films

w/w) was prepared using distilled water as a solvent,
followed by addition of glycerol (15% of gellan gum,
w/w) as a plasticizer. After complete dissolution and
dispersion, the mixed solutions were sonicated for
10 min and subsequently cast on a clean glass plate.
The obtained film (noted as GGm/PPNc(x)-F, x repre-
sents the amount of PPNc) was peeled off from the
plate after the water fully evaporated at room temper-
ature. The neat GGm film (noted as GGm-F) was also
prepared by the above process except the addition of
PPNc.

Characterization
Fourier transform-infrared spectroscopy

FTIR spectra of the samples were recorded using a
FTIR spectrometer (Vector 33, Bruker, Germany) in
transmittance mode at a resolution of 4 cm™' from 400
to 4000 cm™'. Prior to analysis, the samples were
grounded with potassium bromide (KBr) (1:100, w/w)
and pressed into transparent pellets.
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X-ray diffraction

XRD patterns of the samples were obtained using an
X-ray diffractometer (D8 ADVANCE, Bruker, Ger-
many) with Cu-Ka radiation (A = 0.15418 nm) at a
voltage of 40 kV and a current of 40 mA. XRD data
were collected within a 20 range of 4°-50° at a
scanning speed of 2°/min. In order to evaluate the
crystallinity of the obtained fibres, the crystallinity
index (Crl) was calculated by the following Segal
equation (Nam et al. 2016):

oo — Lum

Do

Crl(%) = x 100

where I is the maximum intensity of the (200)
diffraction peak for cellulose If at20 = 22.5°and I,,,, is
the intensity of diffraction for amorphous part at
20 = 18.5°.

Scanning electron microscopy

SEM images of the samples were observed using a
field emission scanning electron microscope (S-
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3700N, Hitachi, Japan) at an acceleration voltage of
15 kV. Prior to analysis, the samples were gold-coated
for 60 s using a sputter coater (Cressington 108 auto,
Watford, UK). For each sample, at least five SEM
images were captured from random areas.

Atomic force microscopy

The AFM force mapping of PPNc was performed in
air on triplicate samples in order to avoid the damage
of the surface analyzed, using an atomic force
microscope (Multimode 8, Bruker, Germany). Height
and phase images were obtained simultaneously in
tapping mode at the resolution of 256 x 256 point.
Prior to analysis, a drop of a diluted PPNc suspension
(0.01%, w/w) was deposited onto a freshly cleaved
mica surface and dried at room temperature for 4 h.

Thermal analysis

Thermal characterization of the samples was per-
formed by thermal gravimetric analysis (TGA) using a
thermal analyzer (STA449C, NETZSCH, Germany)
from room temperature to 500 °C at a constant heating
rate of 10 °C/min under N, atmosphere.

Zeta potential measurements

The zeta potential of PPNc suspension was measured
at 25 °C using a zeta potential analyzer (SZ-100
Nanoparticle, Horiba, Germany). Prior to analysis, the
suspension was diluted to a concentration of 0.01% (w/
w) with distilled water and ultrasonicated for 30 min.

Rheological studies of GGm/PPNc aqueous solutions

The rheological measurements of the aqueous solutions
containing 1% of gellan gum and varied amount of
PPNc (respectively 0, 2, 4, 6, 8 and 10% of gellan gum,
w/w) were performed using arheometer (RS600, Haake
Co., Germany), equipped with a Universal Peltier
system and water bath (MultiTemp III, Amersham
Biosciences) for temperature control. A parallel plate of
27.83 mm in diameter was used, and the gap was set at
1.0 mm. The flow measurements were performed at an
increasing shear rate from 0.1 to 100 s~ '. All measure-
ments were conducted within the linear viscoelastic
region and rheological measurements were carried out
at a reference temperature 25 °C.

Light transmittance testing of the films

The light transmittance (Tr) of the prepared films was
measured using an UV-Vis spectrophotometer (UV
1800, Shimadzu, Japan) at a wavelength range of
200-900 nm.

Mechanical properties of the films

Mechanical properties of the prepared films were
analyzed using a Texture Analyser TA-XT-plus
(Stable Micro Systems, Surrey, UK) according to
ASTM standard method D882, with a 50 N load cell
equipped with tensile grips (A/TG model). Prior to
analysis, the films were cut into neat small blocks with
10 mm wide and 80 mm long strips. The initial grip
separation and cross-head speed were set at 50 mm
and 60 mm/min, respectively. The values of tensile
strength (TS) and elongation at break (EC) were
evaluated and reported as the average values of five
measurements of each film.

Results and discussion
FTIR spectra analysis

The FTIR spectra of the untreated PP, bleach-treated PP,
PPC and PPNc are shown in Fig. 1a. All these samples
showed a broad and strong peak at 3450-3400 cm ™'
and a relative weak peak at 2900 cm™' due to the
stretching vibrations of O-H and C-H groups in
cellulose molecules respectively (Mandal and Chakra-
barty 2011). The peak at 1736 cm™" observed in the
untreated PP is ascribed to the acetyl and ester groups in
hemicellulose component or the ester linkage between
the carboxylic group of ferulic and p-coumaric acids of
lignin and/or hemicelluloses (Santos et al. 2013).
Compared with the untreated PP, the peak at
1736 cm™" was found decreased in the bleach-treated
PP due to the removal of lignin and totally disappeared
in PPC due to the completed removal of hemicellulose
and lignin. Additionally, the weak peak at 1517 cm ™" in
the untreated PP is considered as the characteristic of
lignin and attributed for C=C vibration (Flauzino Neto
et al. 2013), which also completely disappeared in the
bleach-treated PP, PPC and PPNc, further indicating the
successful removal of lignin. The peak at 1650 cm ™' in
all samples involves the O—H bending of the absorbed
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Fig. 1 FTIR spectra of untreated PP, bleach-treated PP, PPC
and PPNc (a), GGm, GGm-F, GGm/PPNc(4%)-F and GGm/
PPNc(10%)-F (b)

water molecules due to a strong interaction between
cellulose and water (Haafiz et al. 2014). The peak at
1065 cm ™" is ascribed to the C—O—C pyranose ring
(antisymmetric in phase ring) stretching vibration, and
the peak at 896 cm ™ is associated with the C-H rocking
vibration of typical cellulose (anomeric vibration,
specific for B-glucosides) (Haafiz et al. 2014). Gener-
ally, the increase of these two peaks involves the
increase of cellulosic components (Santos et al. 2013).
After bleaching, alkali and acid hydrolysis treatments,
the obtained PPNc showed higher peak intensity at 1065
and 896 cm™', implying the higher relative content of
cellulose. FT-IR spectra of PPNc were similar to that of
PPC in all wavenumbers, suggesting the non-destruc-
tion of the main cellulose structures. However, two new
peaks at 1173 and 677 cm~ ! were observed for PPNc,
corresponding to the presence of SO,>~ groups (Feng
etal. 2015; Morais et al. 2013). These results indicate the
effectiveness of a multiple-step treatment for the
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successful removal of non-cellulosic components and
the non-destruction of cellulose structures.

The FTIR spectra of the prepared films (GGm-F,
GGm/PPNc(4%)-F, GGm/PPNc(10%)-F) and their
initial compositions (GGm and PPNc) are shown in
Fig. 1b. In the case of GGm-F, the broad peak at
3400-3000 cm ™' is associated with the O—H stretching
vibration and the peak at 29001 cm ™' was ascribed to the
C-H stretching vibration (Kulkarni et al. 2011). The
peaks observed at 1600 and 1411 cm ™" are due to the
presence of asymmetric carboxylate anion stretching
and symmetric carboxylate anion stretching, respec-
tively (Yang et al. 2013). The peak at 1033 cm ™" is
attributed to C—O-C stretching vibration (Haafiz et al.
2014). For GGm/PPNc(4%)-F and GGm/PPNc(10%)-
F, there were no new peaks different from those of the
components, indicating no chemical reaction occurred
between GGm and PPNc during the film preparation
process. Compared with the neat GGm film (GGm-F),
the composite films GGm/PPNc(4%)-F and GG/
PPNc(10%)-F showed an increased intensity of peak
for O—H groups, implying an increased hydrogen bonds
interactions between GGm and PPNc.

XRD patterns analysis

The XRD patterns of the untreated PP, bleach-treated
PP, PPC and PPNc are shown in Fig. 2a. All samples
exhibited crystalline peaks at 20 = 16.1°, 22.5° and
34.6°, corresponding to the (1—10)/(110) overlapping,
(200), and (004) planes of the typical structure of
cellulose 1B, respectively (French 2014; Feng et al.
2015). These observations also suggested that the
crystalline structure of cellulose I was maintained
after bleaching, alkali and acid hydrolysis treatments.
Interestingly, two new peaks were observed at
20 = 12.1° and 20.1° for PPNc, suggesting the
allomorph coexistence of cellulose I and cellulose 11
(Shankar and Rhim 2016). The possible explanation
might be related with the re-precipitation of the
cellulose after acid hydrolysis treatment, during which
the 64% sulfuric acid solution might be a solvent for
cellulose (Flauzino Neto et al. 2013). A similar
phenomenon was also observed for cellulose
nanocrystals from soy hulls residues (Flauzino Neto
et al. 2013), sugarcane bagasse (Mandal and Chakra-
barty 2011), and oil palm biomass (Haafiz et al. 2014).

The calculated crystallinity index (Crl) values for
the untreated PP, bleach-treated PP, PPC and PPNc
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Fig. 2 XRD patterns of the untreated PP, bleach-treated PP,
PPC and PPNc (a), and GGm, GGm-F, GGm/PPNc(4%)-F and
GGm/PPNc(10%)-F (b)

were 30.72, 42.07, 53.34 and 61.19% respectively.
Compared with the untreated PP, the increased Crl
values for the bleach-treated PP and PPC could be
ascribed to the efficient removals of lignin and
hemicellulose by bleaching and alkali treatments,
respectively. The subsequent increase of the Crl value
for PPNc was further attributed to the dissolution of
amorphous cellulosic domains in PPC. During the
process of acid hydrolysis, hydronium ions (H;0™)
could easily penetrate into the amorphous regions of
the cellulose and induce partial hydrolytic cleavage of
the glycosidic bonds inside the cellulose chains,
consequently resulting in the release of the individual
crystallite segments (Chen et al. 2016). Similar
behaviors also were reported for the preparation of
nanocelluloses from other bio-resources (Feng et al.
2015; Flauzino Neto et al. 2013; Johar et al. 2012;
Santos et al. 2013). Consequently, significant increase
of cellulose crystallinity could improve the stiffness

and strength of cellulose due to the more ordered and
compact molecular assemblies (Johar et al. 2012; Li
etal. 2014). Hence, PPNc isolated from pineapple peel
shows its potential in improving mechanical proper-
ties of composite materials.

The XRD patterns of the prepared films (GGm-F,
GGm/PPNc(4%)-F and GGm/PPNc(10%)-F) are
shown in Fig. 2b and compared with their initial
substrates (GGm and PPNc respectively). For GGm,
two broad peaks with low intensity were observed at
20 = 9.1° and 19.7° as similarly reported by Yang
et al. (2013). Compared with PPNc and GGm, a new
peak at 20 = 6.4° appeared in the XRD patterns of the
prepared films. It was clearly seen that the introduction
of PPNc in the films increased the crystallinity of the
films. This phenomenon can be ascribed to the
anchoring effect of the cellulosic filler acting as
nucleating agents for the crystallization of polymer
(Chaichi et al. 2017).

Morphological analysis

In order to investigate the structural changes of
pineapple peel fibre before and after treatments,
SEM images of the untreated-PP, bleach-treated PP,
PPC and PPNc are shown in Fig. 3. It can be observed
significantly that the morphological structures of the
untreated and treated PP samples were quite different
from each other. The untreated PP showed an irregular
surface due to the existence of cementing materials
around the cellulose fibres including pectin, hemicel-
lulose and lignin (Li et al. 2014). After bleaching
treatment, the obtained bleach-treated PP revealed a
rougher but more ordered surface, due to the removal
of the outer non-cellulosic layer composed mainly of
lignin. Subsequently, after the alkali treatment, the
obtained PPC exhibited more ordered and uniform
fibril surface due to the removals of the hemicellulose
and other noncellulosic components (Nepomuceno
etal. 2017). Furthermore, a decrease from 30 to 10 pm
in diameter was observed as PP was converted into
PPC, indicating the partial separation of fibre bundles
and the formation of individual fibre. For PPNc, the
AFM image presented a needle-like structure through-
out with averages of 15 &+ 5 and 189 + 23 nm in
diameter and length respectively calculated by the
Imagel software, confirming the successful isolation
of nanocellulose from pineapple peel. Although the
liquid nanocellulose was cast onto a freshly cleaned
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Fig. 3 AFM image of PPNc and SEM images of the untreated PP, bleach-treated PP, PPC, GGm-F, GGm/PPNc(4%)-F and GGm/

PPNc(10%)-F

hydrophilic mica surface at a very low concentration
(0.01wt%), there was a tendency to form agglomer-
ation sites. The AFM image of nanocellulose isolated
from other natural sources also proved this phe-
nomenon (Nepomuceno et al. 2017; Santos et al.
2013). After storage at 4 °C for 5 months, the PPNc
suspension was still stable without obvious precipita-
tion, which could be ascribed to the imparted electro-
static stability for PPNc from the SO,*~ groups (Feng
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et al. 2015). The PPNc suspension was detected to
have a negative zeta potential of — 36.7 £ 0.2 mV.
Generally, a stable suspension must have a zeta
potential value lower than — 25.0 mV suspension
(Ditzel et al. 2017). Additionally, as shown in
Scheme 1, the untreated PP was changed from
brownish-orange into white in colour after bleaching
and alkali treatments, due to the removal of non-
cellulosic materials such as lignin, hemicelluloses,
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pectin and wax (Johar et al. 2012). After freeze-drying,
the dried PPNc appeared a fluffy rime-like state. This
observed white colour of PPC and PPNc was a clear
indication of almost pure cellulosic materials, which
was also confirmed by FITR and SEM results.

As shown in the SEM images of the prepared films,
GGm-F exhibited a flat and smooth surface without
impurity distribution. However, after addition of
PPNc, the surface of GGm/PPNc-F showed many
white dispersed particles as the increase of PPNc,
which was probably due to the agglomeration or
inhomogeneous dispersion of PPNc in the films. This
phenomenon can be observed much more clearly in
GGm/PPNc(10%)-F due to its higher PPNc concen-
tration. Similar observation was also reported for
bionanocomposite films prepared with agar and paper-
mulberry pulp nanocellulose (Reddy and Rhim 2014).

Thermal stability analysis

The TG and DTG curves of pineapple peel fibre
(including the untreated PP, bleach-treated PP, PPC
and PPNc), GGm and the prepared films (including
GGm-F, GGm/PPNc(4%)-F and GGm/PPNc(10%)-F)
are shown in Fig. 4. As can be seen from this figure, an
initial weight loss below 150 °C appeared in all
samples due to the evaporation of water or low
molecular weight compounds of these samples (Dai
and Huang 2017a, b; Santos et al. 2013). The untreated
PP started to degrade at around 217 °C and showed two
dominant peaks of degradation at 287 and 347 °C on
the DTG curve, while the bleach-treated PP and PPC
began to degrade at 240 and 245 °C respectively and
exhibited two peaks for bleach-treated PP at 292 and
349 °C and one peak for PPC at 351 °C on their DTG
curves. Compared with the untreated PP, the higher
initial degradation temperature for the bleach-treated
PP and PPC could be attributed to the removal of
hemicellulose, lignin and pectin which were known to
have lower thermal stability than cellulose (Li et al.
2014). However, the PPNc exhibited significantly
different degradation behavior compared with other
samples, for which, the lower initial degradation
temperature and broader degradation range of temper-
ature were observed. This could be attributed to the
drastic reduction in molecular weight and degradation
of highly sulfated amorphous regions inside PPNc after
acid hydrolysis (Mandal and Chakrabarty 2011). As
depicted in the DTG curve of PPNc, the lower

temperature stage (150-250 °C) with a peak at
190 °C was ascribed to the degradation of sulfated
amorphous regions, while the higher temperature stage
(300—400 °C) with a peak at 370 °C was due to the
decomposition of the unsulfated crystal interior (Man-
dal and Chakrabarty 2011; Teixeira et al. 2011). After
being heated to 500 °C, the untreated PP remained
24.01% of its initial mass, higher than the bleach-
treated PP (22.34%) and PPC (18.41%). The lower
residues can be attributed to the efficient removal of
hemicellulose, lignin and silica ash during the sequen-
tial treatments (Johar et al. 2012; Li et al. 2014).
However, it was worth noting that the PPNc showed
the most remnant (32.09%), probably owing to the
sulfated amorphous and crystalline regions of PPNc
which act as a flame retardant during the degradation
process (Johar et al. 2012; Roman and Winter 2004).

The thermal stability of the materials is essential in
determining their processing temperature for applica-
tion. Figure 4 clearly exhibits the enhancement in
thermal stability of GGm/PPNc films as compared to
GGm film. By addition of PPN, the initial degradation
at 161 °C for GGm-F was increased to 165 °C for
GGm/PPNc(4%)-F and 171 °C for GGm/PPNc(10%)-
F, implying the positive effect of PPNc on thermal
stability of the films. As observed for the DTG curves,
addition of PPNc also resulted in a slight increase of
degradation rate, reaching higher maximum degrada-
tion rate of 243 °C for GGm/PPNc(4%)-F and 244 °C
for GGm/PPNc(10%)-F, slightly higher than 241 °C
for GGm-F. After being heated to 500 °C, GGm/
PPNc(10%)-F remained the most residues (30.28%),
higher than GGm/PPNc(4%)-F (21.47%) and GGm-F
(20.38%). This phenomenon could be largely
explained by the presence of higher amount of
crystalline cellulose I from PPNc which had an
intrinsically flame resistant characteristic (Haafiz
et al. 2013).

Rheological studies

Figure 5a presents the shear viscosity of the aqueous
solutions containing 1% of gellan gum and varied
amount of PPNc (respectively 0, 2, 4, 6, 8 and 10% of
gellan gum, w/w) as a function of shear rate. As can be
seen from Fig. 5a, the shear viscosity of all the
aqueous solutions could be divided into two distinct
regions, including shear thinning (Pseudo plastic) and
Newtonian regions (Chirayil et al. 2014). The
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«Fig. 4 TG and DTG curves of pineapple peel fibres (the
untreated PP, bleach-treated PP, PPC and PPNc), GGm and the
prepared films (GGm-F, GGm/PPNc(4%)-F and GGm/
PPNc(10%)-F)

prepared aqueous solutions showed obvious shear
thinning behaviour, in which the viscosity decreased
significantly with increase of shear rate at the low
shear region. This behaviour could be attributed to the
formation and then break-up of hydrogen bonds in the
aqueous solutions (Wu et al. 2017). The GGm/PPNc
solutions exhibited increased shear viscosity with the
increase of PPNc concentration, probably due to the
abundant hydroxyl groups on the surface of PPNc
which could induce formation of more hydrogen
bonds (Wu et al. 2017). Subsequently, the solutions
showed Newtonian behaviour as the shear rate was
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increased to 60 s~!, henceforth viscosity was inde-
pendent of shear rate.

Light transmittance of the films

The light transmittance (Tr) values of the prepared
films within the wavelength range of 200-900 nm are
shown in Fig. 5b. Compared with GGm-F, GGm/
PPNc-F exhibited decreased Tr values with the
increase of PPNc concentration, indicating that addi-
tion of PPNc in GGm decreased the transparency of
the films. For example, at a wavelength of 800 nm, the
Tr values of GGm/PPNc(2%)-F and GGm/F were
66.99 and 69.66%, respectively. However, in the case
of GGm/PPNc(10%)-F, the Tr value decreased to
62.95%, obviously lower than the transparency of
GGm/F. The high content of nanocellulose in the films
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Fig. 5 Rheological analysis on GGm/PPNc aqueous solutions for films preparation (a), light transmittance of the prepared films (b),
and the mechanical properties of the films, including tensile strength (c) and percentage elongation (d)

@ Springer



1754

Cellulose (2018) 25:1743-1756

may contribute to the particle aggregate phenomenon,
consequently resulting in the scattering and the
decrease of transparency (Ma et al. 2011).

Mechanical properties

The mechanical properties such as tensile strength
(TS) and percentage elongation at break (%E) of the
prepared films are depicted in Fig. 5c, d. The TS and
%E values of the neat GGm film (0% addition of
PPNc) were 2.24 MPa and 11.33%, respectively. It
was observed that the addition of PPNc enhanced the
mechanical properties of the films. As shown in
Fig. 5c, TS of GGm/PPNc films was firstly increased
with the increase of PPNc concentration until up to
4%, and then started to decrease as further increase of
the concentration. Compared with the neat GGm film,
GGm/PPNc film (4% addition of PPNc) was improved
by 48.21% of TS, which could be attributed to the
geometry and rigidity of the PPNc and the formation
of intermolecular forces between PPNc and GGm
linked by hydrogen bonding (Chaichi et al. 2017).
However, 6, 8 and 10% addition of PPNc only showed
improvement by 38.84, 27.68 and 12.95%, respec-
tively. The relatively decreased TS values of the
GGm/PPNc films may be ascribed to the aggregation
of PPNc inside GGm matrix due to Van der Waal’s
forces (Haafiz et al. 2013). Savadekar and Mhaske
(2012) also reported that excess of nanocellulose
content inside films would lead to a decreased TS due
to phase separation, poor particle distribution and
larger agglomerates formation. Generally, %E values
of the films (as shown in Fig. 5d) were varied
inversely with TS, which was consistent with current
research results. A similar phenomenon was also
observed in the starch-based film and kappa-car-
rageenan-based film reinforced by nanocellulose
(Savadekar et al. 2012; Savadekar and Mhaske 2012).

Conclusion

The needle-like nanocellulose (PPNc), isolated from
pineapple peel using sulfuric acid hydrolysis preceded
by bleaching and alkali treatments, was used to
reinforce gellan gum film. SEM, FTIR and XRD
results confirmed the removal of non-cellulosic com-
ponents for PPNc preparation. The PPNc presented
high crystallinity about 61.19% and averages of

@ Springer

15+ 5 and 189 &£ 23 nm in diameter and length
respectively. After being heated to 500 °C, PPNc
showed the most remnant (32.09%), obviously higher
than the untreated PP (24.01%), bleach-treated PP
(22.34%) and PPC (18.41%). For film application,
after being mixed with gellan gum solution, PPNc/
gellan gum dispersions increased slightly in viscosities
with the increase of nanocellulose content. PPNc was
proved to be an excellent reinforcement for the gellan
gum film via the increased crystallinity, thermal
stability and tensile strength.
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