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a b s t r a c t

Hydrogels and polyvinyl pyrrolidone (PVPP) composite hydrogels were prepared from pineapple peel
cellulose with 1-allyl-3-methylimidazolium chloride via different heating and cooling processes. The
prepared hydrogels were characterized via the methods of texture profile analysis, Fourier infrared trans-
form, X-ray diffraction, thermogravimetry analysis, differential scanning calorimetry and field emission
scanning electron microscope. Swelling kinetics of the prepared hydrogels and their release kinetics were
eywords:
ydrogels
ineapple peel cellulose
onic liquid
haracterization
olyvinyl pyrrolidone

also compared in vitro with sodium salicylate (NaSA) as model drug. The results showed the hydrogels
and PVPP-doped composite hydrogels exhibited differences in characterizations and NaSA release. PVPP
increased the mechanical properties and thermal stability of the composite hydrogels. The freeze-dried
hydrogels exhibited higher equilibrium swelling ratio and NaSA load ratio than the oven-dried hydrogels.
PVPP addition decreased the equilibrium swelling ratio and NaSA load ratio of the freeze-dried hydrogels
but increased those of the oven-dried hydrogels. Oven-drying processing and PVPP were propitious for

slowing NaSA release.

. Introduction

Cellulose from plants consists of anhydroglucopyranose units
ound by �-(1 → 4)-glycosidic linkage and accordingly is described
s the linear-polymer glucan with uniform chain structure (Fengel
Wegener, 1984). As the most abundant natural polymer in the
orld, cellulose possesses non-toxic, renewable, biodegradable

nd biocompatible characteristics. However, cellulose is diffi-
ult for processing in most solvents because of its insolubility
esulted from its strong intra- and inter-molecular hydrogen bond-
ng (Klemm, Heublein, Fink, & Bohn, 2005). Hence the extension
f cellulose utilization is limited. Recently, an innovative class of
reen solvent, the room temperature ionic liquid has been devel-
ped as the alternative solvent for cellulose processing owing
o its excellent dissolving capability, recyclability and negligi-
le vapor pressure (EI Seoud, Koschella, Fidale, Dorn, & Heinze,
007; Murugesan & Linhardt, 2005). For example, the ionic liquids
ith imidazolium structure, 1-butyl-3-methylimidazolium chlo-
ide (BMIMCl) and 1-allyl-3-methylimidazoliumchloride (AMIMCl)
re used to dissolve and process cellulose into gels and compos-
te materials for applications in controlling release of medicine
nd fertilizer (Kadokawa, Murakami, & Kaneko, 2008a; Kadokawa,
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Murakami, & Kaneko, 2008b; Kadokawa, Murakami, Takegawa, &
Kaneko, 2009; Murakami, Kaneko, & Kadokawa, 2007; Murugesan
& Linhardt, 2005; Prasad, Kaneko, & Kadokawa, 2009; Prasad,
Murakami, et al., 2009; Swatloski, Spear, Holbrey, & Rogers, 2002;
Wu et al., 2004; Zhang, Wu, Zhang, & He, 2005). In particular, as
a powerful cellulose solvent, AMIMCl has been used to prepare
various cellulose derivatives and cellulose-based materials such
as hydrogels (Cao et al., 2007; Li, Lin, Yang, Wan, & Cui, 2009;
Li, Wu, Liu, & Huang, 2009; Prasad, Kaneko, et al., 2009; Prasad,
Murakami, et al., 2009; Zhang et al., 2007, 2005). The hydrogels
prepared from plant fibers belong to three-dimensional cross-
linked polymer and possess strong ability to imbibe and hold water
within their three-dimensional cross-linked structures. Such cel-
lulose derivatives show various potential biomedical applications,
such as the soft contact lenses, wound dressing, super-absorbents
and drug delivery systems based on their perfect hydrophilic nature
(Gin, Dupuy, Baquey, Baquey, & Ducassou, 1990; Matthew, Salley,
Peterson, & Klein, 1993; Mishra, Datt, Pal, & Banthia, 2008). Pineap-
ple (Ananas comosus L. Merryl) is a typical tropic fruit with unique
flavor widely grown in tropic regions. During can fruit and juice
processing, pineapple peel is usually discharged before or after

bromelain is extracted. Both the discharges of pineapple peel in
these two ways produce waste about 35% of the full fruit and
lead to serious environmental pollution. Pineapple peel is prin-
cipally consisted of cellulose, hemi-cellulose, lignin and pectin
(Bardiya, Somayaji, & Khanna, 1996). From the points of the view of

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:fehhuang@scut.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.04.023
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ultipurpose utilization and environmental protection, modifica-
ion and utilization of pineapple peel cellulose are of important
ignificance. This research mainly focused on the preparation
f pineapple peel cellulose hydrogel (PPCH) with AMIMCl as
he solvent of the extracted pineapple peel cellulose (PPC) and
he preparation of composite pineapple peel cellulose hydro-
el with the insoluble polyvinyl pyrrolidone (PVPP) as additive.
eanwhile the prepared hydrogels were characterized and the

welling kinetics of the prepared PPCH and its release kinetics
ere also investigated with sodium salicylate (NaSA) as the model
rug.

. Materials and methods

.1. Preparation of PPC

To extract PPC, 30 g of pineapple peel was treated with 600 mL
istilled water at 80 ◦C for 2 h. The insoluble residue was then delig-
ified with sodium chlorite at pH 3.8–4.0 and 75 ◦C for 2 h. After
ollection through filtration, the residue was washed respectively
ith distilled water and ethanol and then was dried in a cabi-
et oven at 50 ◦C for 16 h. The dried residue was extracted with
00 mL of KOH (10%, w/v) at room temperature for 10 h to remove
emi-cellulose and other impurities. After filtration, the residue
as washed thoroughly with distilled water until the filtrate turned

o neutral, and then was washed with ethanol (95%, v/v). PPC was
btained after the washed residue was dried in an oven at 50 ◦C
or 16 h (Liu et al., 2007). The weight ratio of PPC extracted from
ineapple peel by the above process is about 22%.

.2. Preparation of PPCHs and the composite hydrogels

The hydrogels of PPC and their composite hydrogels were pre-
ared from the extracted PPC via two processing methods: heating–
ooling–washing process and heating–cooling–freezing–thawing–w
rocess (Kadokawa et al., 2009, 2008b; Li, Lin, et al., 2009; Li, Wu,
t al., 2009; Prasad, Kaneko, et al., 2009; Prasad, Murakami, et al.,
009). In the case of heating–cooling–washing process, samples of
PC were weighed 0.5 g, 1 g and 1.5 g respectively and stir-treated
ith 20 g of AMIMCl (purchased from Shanghai Cheng Jie Chemical
o. Ltd., China) at 100 ◦C for 12 h in a shaker until to complete dis-
olution. Accordingly the PPC concentrations in the solutions were
arked as 2.5%, 5% and 7.5% (w/w) respectively. PPC hydrogels

ormed after the solutions were cooled to ambient temperature.
he excessive ionic liquid leached out from the hydrogels was
insed out with distilled water. The obtained PPC hydrogels were
espectively marked as PPCH2.5, PPCH5 and PCH7.5. The compos-
te hydrogels of PPC were prepared via the same method by the
ddition of PVPP (purchased from Tokyo Chemical Industry Co.,
td., Japan), where 5% of PPC and PVPP in AMIMCl were used and
he formed hydrogel was marked as PVPP–PPCH.

In the case of heating–cooling–freezing–thawing–washing pro-
ess, a solution of AMIMCl contained PPC and PVPP (5% each) was
tir-treated at 100 ◦C for 12 h in a shaker until to complete dissolu-
ion. After cooled to ambient temperature, the obtained hydrogels
ere subjected to a six-cycle-treatment of freezing–thawing

frozen at −20 ◦C for 12 h and thawed at ambient temperature for
2 h). After the freezing–thawing treatments, the excessive ionic

iquid leached out from the hydrogels was rinsed out with distilled

ater. The formed composite hydrogels in this way was marked as

VPP–PPCH-FT.
For characterization, swelling kinetics and in vitro release kinet-

cs study, the obtained PPCH and their composite hydrogels were
ubjected to freeze-drying or oven-drying (50 ◦C for 12 h).
ymers 82 (2010) 62–68 63

ing

2.3. Characterization of PPCH and the composite hydrogels

Texture profile analysis (TPA) on the prepared PPCH and the
composite hydrogels were performed according to the reported
method (Bourne, 1982; Lin, Wang, & Wu, 2009). A TA-XT2i® Tex-
ture Analyzer (Stable Microsystems, Surrey, UK) equipped with
a 5 kg load cell was used. Each sample of the hydrogels (clipped
as 0.8 cm long and 2.5 cm in diameter) was subjected to two
cycle compression to 30% of their initial length at a constant pre-
speed of 5 mm s−1, cross-head speed of 1 mm s−1 and post-speed
of 5 mm s−1 via a cylindrical stainless steel probe (P5: 5 mm DIA
CYLinDer Stainless). All measurements were duplicated 6 times.
The TPA parameters of the prepared hydrogels including hard-
ness, springiness, cohesiveness, gumminess and resilience were
computed via the supplied Texture Expert software. The freeze-
dried or oven-dried PPCH5, PVPP–PPCH and PVPP–PPCH-FT were
characterized by Fourier transform infrared (FTIR), X-ray diffrac-
tion (XRD), thermogravimetry analysis (TGA), differential scanning
calorimetry (DSC) and field emission scanning electron micro-
scope (FESEM) respectively. The FTIR spectra were recorded from
4000 to 400 cm−1 at a resolution of 2 cm−1 and 32 scans per sam-
ple with FTIR Spectrometer (Vector 33, Bruker, Germany). The
Wide-angle X-ray diffraction patterns were recorded on an X-ray
diffraction (model D/max-IIIA, RIGAKU, Japan), in which Cu Ka radi-
ation (� = 1.5406 Å) was used at 40 kV and 30 mA and the scanning
speed was set at 2◦ min−1 in the region of the diffraction angle
(2�) from 4◦ to 60◦. TGA and DSC patterns were recorded on a
simultaneous thermal analyzer (NETZSCH STA449C, Germany) at
a heating rate of 10 ◦C/min between 30 ◦C and 500 ◦C under N2
atmosphere. FESEM images of the samples were recorded on an
ultra-high resolution field emission scanning electron microscope
(NoVaTM Nano SEM 430, Netherlands). The samples surfaces were
gold-coated before observation.

2.4. Determinations of equilibrium swelling ratio (ESR) and
swelling kinetics

The routine gravimetric method was adopted to determine the
ESR of the prepared hydrogels (Chen, Liu, Liu, & Ma, 2009). Swelling
study was performed in water at room temperature. The weighed
dried hydrogel samples were immersed and got swollen in water
for 3 days at room temperature so as to reach equilibrium status.
After removal of the excess water on the surface via wet filter paper,
the swollen hydrogel samples were weighed. All of the experiments
were conducted in triplicate. ESR was calculated as follows:

ESR (%) = Ws − Wd

Wd
× 100 (1)

where Ws is the weight of the swollen hydrogel samples at swollen
equilibrium status and Wd is the weight of the hydrogel samples
prior to swelling. To record the swelling kinetics of the hydrogels,
the immersed hydrogels in water were sampled at a regular interval
and the ESR at time t was calculated according to Eq. (1).

2.5. In vitro release kinetics of the prepared hydrogels

NaSA was used as the model drug for drug loading and release
experiments on the prepared hydrogels. During the experiments,
the dried hydrogels were incubated and equilibrated in the vials
filled with 20 mL of NaSA aqueous solution (10%, w/v) for 2
weeks at ambient temperature. After incubation, the drug-loaded

hydrogel samples were removed from NaSA aqueous solution and
were rinsed twice with distilled water. The drug-loaded hydro-
gel samples were then vacuum-dried to constant weight at room
temperature. The residual NaSA content in the solutions was
determined with a Shimadzu ultraviolet–visible spectrophotome-
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Table 1
The TPA parameter comparison between different hydrogels prepared from pineapple peel cellulose.

Hydrogels Hardness (g) Springiness Cohesiveness Gumminess (g) Resilience

PPCH2.5 323.59 ± 67.83d 0.86 ± 0.04a 0.50 ± 0.03a 161.85 ± 38.69d 0.41 ± 0.04c

PPCH5 1140.77 ± 109.81c 0.89 ± 0.02a 0.54 ± 0.02a 617.61 ± 42.72c 0.55 ± 0.03a

PPCH7.5 2117.67 ± 150.86a 0.91 ± 0.01a 0.53 ± 0.02a 1122.48 ± 90.93a 0.58 ± 0.01a

a P < 0.0
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lapped at 1657 cm−1 for PVPP–PPCH. The bands at 1264, 1237 cm−1

for PPC and at 1226, 1172 cm−1 for PVPP were found overlapped
and shifted to 1230 cm−1 for PVPP–PPCH. The bands at 1112, 1060,
1032 cm−1 for PPC and at 1076, 1020 cm−1 for PVPP were also
PVPP–PPCH 1626.11 ± 444.83b 0.88 ± 0.01a

PVPP–PPCH-FT 2211.45 ± 34.48a 0.87 ± 0.01a

bcdValues in a column with the same superscript mean not significantly different (

er according to the method reported by Demir et al. (2008). NaSA
oad ratios (%) of the prepared hydrogel samples were calculated
ased on Eq. (2):

aSA load ratio (%) = CoVo − CtCt

m
(2)

here m is the mass of the hydrogel samples prior to loading. Co and
o are the concentration and volume of the NaSA solutions prior to

oading respectively. Ct and Vt are the concentration and volume of
he NaSA solution after loading respectively (Chen et al., 2009).

For drug release kinetics experiments, the drug-loaded hydro-
el samples were transferred into 200 mL of distilled water (as the
issolution medium) and were stir-treated at 37 ◦C in a shaker.
uring the release, 5 mL of the dissolution medium was sampled
t intervals for drug concentration determination; meanwhile an
qual volume of distilled water was pipetted back to the disso-
ution medium so as to maintain the dissolution medium volume
onstant. The release percentage of drug was calculated according
o the following equation:

umulative amount released (%) = Wt

Wtotal
× 100 (3)

here Wt is the amount of the released drug at time t and Wtotal is
he total adsorbed amount of the drug in hydrogel samples.

.6. Statistical analysis

Analysis of variance and Duncan’s multiple range tests were
erformed by using the Statistical Analysis System (SAS Institute,
998). A value of P < 0.05 was regarded as significantly different.

. Results and discussion

.1. Texture profile comparison between the prepared hydrogels

Table 1 shows the TPA of different hydrogels prepared from
PC. From Table 1, it was observed that the springiness and cohe-
iveness among the prepared PPC hydrogels were maintained
nchanged basically. However for the hydrogels of PPCH2.5, PPCH5
nd PPCH7.5, the hardness, gumminess and resilience were found
ignificantly increased with the increase of PPC content. Compared
ith PPCH2.5 and PPCH5, the composite hydrogel, PVPP–PPCH

xhibited significant increase in hardness and gumminess, indicat-
ng the enhancement effect of PVPP on the hydrogels in texture
nd mechanical properties. However, in virtue of higher cellulose
ontent, PPCH7.5 exhibited the even higher hardness, gumminess
nd resilience than PVPP–PPCH. After the cycle freezing–thawing
rocessing, PVPP–PPCH-FT was found exhibiting higher hard-

ess, gumminess and resilience than PVPP–PPCH, but no obvious
hanges in springiness and cohesiveness were observed, indicating
he improvement effect of the cycle freezing–thawing process on
he composite hydrogel in texture profile and mechanical proper-
ies.
0.49 ± 0.03a 776.53 ± 175.41b 0.40 ± 0.01c

0.50 ± 0.01a 1109.13 ± 16.94a 0.49 ± 0.01b

5).

3.2. FTIR analysis

As a comparison, the FTIR spectra of PPC, PVPP and freeze-
dried hydrogels of PPCH5, PVPP–PPCH and PVPP–PPCH-FT are
shown in Fig. 1. From Fig. 1a, it was observed that PPC exhib-
ited the absorption peaks at 3411 and 2914 cm−1 which represent
the O–H stretching of polymeric compounds and the character-
istic vibration of C–H stretching respectively. PPC also showed
the absorption peaks in the fingerprint regions at 1431, 1165 and
1032 cm−1 which are attributed to the cellulose structure (During,
1991; Silverstein, Bassler, & Morrill, 1981; Wang, Han, & Zhang,
2007). For PVPP, the band at 1658 cm−1 due to the C O stretch-
ing mode was observed (Fig. 1b). PVPP also showed fairly strong
absorption in 1500–1370 cm−1 region, which are the contribu-
tions mainly from the C–H bending of CH2 and CH moieties. The
absorption bands of PVPP at 1319, 1291 and 1226 cm−1 were
also observed, which is perhaps attributed to the C–N stretching
likely coupled with the C–H bending mode (Patel & Chaudhuri,
2009). Compared with PPC, the FTIR spectrum bands of PPCH5
were found shifted to 3424, 2917, 1642, 1425, 1325, 1160, 1068
and 1024 cm−1 respectively from 3411, 2914, 1638, 1431, 1320,
1165, 1060 and 1032 cm−1 (Fig. 1c), suggesting the existence of
interaction between PPC and AMIMCl. Compared with PPC and
PVPP, the spectrum of PVPP–PPCH exhibited the overlapped char-
acterization from PPC and PVPP (Fig. 1d). Meanwhile, the bands at
3411 cm−1 for PPC, at 3445 cm−1 for PVPP were found overlapped
and shifted to 3428 cm−1 for PVPP–PPCH. The bands at 2914 cm−1

for PPC, at 2956 cm−1 for PVPP were found also overlapped and
shifted to 2922 cm−1 for PVPP–PPCH. The adsorption peeks at
1638 cm−1 for PPC and at 1658 cm−1 for PVPP were found over-
Fig. 1. FTIR spectra of PPC, PVPP and the freeze-dried hydrogels of PPCH5,
PVPP–PPCH and PVPP–PPCH-FT. a stands for PPC, b for PVPP, c for PPCH5, d for
PVPP–PPCH, e for PVPP–PPCH-FT.
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ig. 2. XRD patterns of PPC, PVPP and the freeze-dried hydrogels of PPCH5,
VPP–PPCH and PVPP–PPCH-FT. a stands for PPC, b for PVPP, c for PPCH5, d for
VPP–PPCH, e for PVPP–PPCH-FT.

ound overlapped and shifted to 1068, 1023 cm−1 for PVPP–PPCH
espectively. All of these changes suggest the existence of the inter-
ction between PPC and PVPP in AMIMCl solution. However, little
hange was observed between the spectrum of PVPP–PPCH and
VPP–PPCH-FT (Fig. 1e), indicating that the hydrogel structure was
ittle affected by the cycle freezing–thawing.

.3. XRD analysis

The XRD curves of PPC, PVPP and the freeze-dried hydrogels of
PCH5, PVPP–PPCH and PVPP–PPCH-FT are shown in Fig. 2. The XRD
rofile of PPC in Fig. 2a was found exhibiting the typical diffraction
eaks respectively at around 15◦, 22◦ and 34◦ due to the crys-
al structure of cellulose I (Prasad, Kaneko, et al., 2009; Prasad,

urakami, et al., 2009). The XRD profile of PVPP in Fig. 2b was found
xhibiting the typical diffraction peaks respectively at around 11◦

nd 22◦ due to its crystal structure. But for PPCH5, the diffraction
eaks were found disappeared at around 15◦ and 34◦ (Fig. 2c). For
VPP–PPCH and PVPP–PPCH-FT, the diffraction peaks were found
arkedly weakened (Fig. 2d and e). These XRD changes indicate

hat the crystal structures of PPC and PVPP are subject to disruption
argely when they are turned into PPCH5 and composite hydrogels
ue to the breaking of hydrogen bonds which are responsible for
he crystallinity (Kadokawa et al., 2009; Prasad, Kaneko, et al., 2009;
rasad, Murakami, et al., 2009).

.4. Thermal analysis

The thermal analysis including TGA and DSC on PPC, PVPP and
he freeze-dried hydrogels of PPCH5, PVPP–PPCH and PVPP–PPCH-
T are shown in Fig. 3. PPC was observed possessing two
ndothermic peaks at 80.7 ◦C and 354.2 ◦C respectively on the DSC
urve (Fig. 3a) and exhibiting the weight loss in two phases cor-
espondingly on the TGA curve (Fig. 3a). Thereinto, the first phase
ommenced between 54.8 ◦C and 108.5 ◦C and the weight loss was
bout 6.34%, corresponding with the endothermic peaks at 80.7 ◦C
n its DSC curve. Maybe this is attributed to the loss of the adsorbed
ater and bound water in the cellulose (Simi & Abraham, 2010).

he second phase of the weight loss commenced at 324.5 ◦C and
ontinued up to 365.9 ◦C and the weight loss was about 70.89%, cor-

esponding with the endothermic peak at 354.2 ◦C on its DSC curve.
his is perhaps attributed to the degradation of PPC. From Fig. 3b,
t was found that PVPP exhibited higher thermal stability than PPC
nd the weight loss was found increased steeply with the increase
f temperature. On the TGA curve of PVPP, the first phase was found
Fig. 3. TGA and DSC patterns of PPC, PVPP and the freeze-dried hydrogels of PPCH5,
PVPP–PPCH and PVPP–PPCH-FT. a stands for PPC, b for PVPP, c for PPCH5, d for
PVPP–PPCH, e for PVPP–PPCH-FT.

between 57.0 ◦C and 89.1 ◦C and the weight loss was about 11.49%.
The second phase took place from 408.8 ◦C to 460.3 ◦C, thereinto the
maximum decomposition rate was found at 437.2 ◦C, correspond-
ing with the endothermic peaks on its DSC curve. The weight loss
during this phase was about 81.46%. From Fig. 3c, it was observed

that that PPCH5 exhibited lower thermal stability than PPC and
the weight loss of PPCH5 decreased only slightly with the increase
of temperature. On the TGA curve of PPCH5, the first phase com-
menced between 53.5 ◦C and 91.3 ◦C and the weight loss was about
6.57%. The second phase was from 308.1 ◦C to 357.5 ◦C, thereinto



66 X. Hu et al. / Carbohydrate Polymers 82 (2010) 62–68

F se. a s
P

t
3
m
w
e
r
2

h
p
b
T
3
i
c
u
o
c
o
c
e
s

i
l
T
a
a
l
c
o

ig. 4. FESEM images of different hydrogels prepared from pineapple peel cellulo
VPP–PPCH, d for the freeze-dried PVPP–PPCH-FT.

he three endothermic peaks were found at 313.4 ◦C, 344.4 ◦C and
65.3 ◦C respectively. As shown on the DSC curve of PPCH5, the
aximum decomposition rate was observed at 313.4 ◦C and the
eight loss corresponding with this phase was about 68.96%. These

xhibitions of PPCH5 in thermal degradation also indicate the dis-
uption of the crystal regions in PPCH5 cellulose (Kadokawa et al.,
009), as proven by the XRD analysis (Fig. 2).

Compared with PPCH5, PVPP–PPCH was found possessing
igher thermal stability and its weight loss was divided in three
hases on the TGA curve (Fig. 3d). The first phase was found
etween 45.2 ◦C and 83.4 ◦C and the weight loss was about 7.65%.
he second phase commenced at 327.5 ◦C and continued up to
76.0 ◦C, in which, 39.43% weight loss was observed, correspond-

ng with the endothermic peaks at 355.1 ◦C and 380.9 ◦C on its DSC
urve. The third phase of the weight loss was found at 417.0 ◦C and
p to 456.9 ◦C. During this phase, about 37.57% weight loss was
bserved (perhaps due to the degradation of PVPP in PVPP–PPCH),
orresponding with the endothermic peaks at 406.9 ◦C and 437.6 ◦C
n its DSC curve, indicating that there also is the disruption of the
ellulose crystal regions and PVPP in PVPP–PPCH. However it is
xplicit that PVPP addition can significantly increase the thermal
tability of hydrogels.

Compared with PVPP–PPCH, PVPP–PPCH-FT was found exhibit-
ng slightly lower thermal stability. As shown in Fig. 3e, the weight
oss of PVPP–PPCH-FT was found in three phases on the TGA curve.
hereinto, the first phase was found between 64.3 ◦C and 85.6 ◦C

nd the weight loss was about 7.37%. The second phase commenced
t 315.6 ◦C and continued up to 375.6 ◦C and about 43.12% weight
oss was observed (due to the degradation of PPC in PVPP–PPCH-FT),
orresponding with the endothermic peaks at 333.8 ◦C and 359.6 ◦C
n its DSC curve. The third phase was at 418.9 ◦C and up to 458.1 ◦C
tands for freeze-dried PPCH5, b for the oven-dried PPCH5, c for the freeze-dried

and about 35.69% weight loss was observed (due to the degradation
of PVPP in PVPP–PPCH-FT), corresponding with the endothermic
peaks at 437.4 ◦C on its DSC curve. These exhibitions indicate that
the freezing–thawing process can change the thermal process of
hydrogels and decrease their thermal stability slightly.

3.5. FESEM micrograph

Fig. 4 shows the FESEM micrographs of the freeze-dried
and oven-dried PPCH5 (Fig. 4a and b), freeze-dried PVPP–PPCH
(Fig. 4c) and freeze-dried PVPP–PPCH-FT (Fig. 4d). As the PVPP-
undoped hydrogels, both the freeze-dried and oven-dried PPCH
were observed possessing the rough bulging structures on their
FESEM micrographs. Especially the cavity and cracks resulted from
the superficial moisture evaporation were found very distinct in the
oven-dried case (Fig. 4b). Moreover, uniform sub-micrometer pores
were observed for the freeze-dried PPCH5 while no such structures
was found for the oven-dried PPCH5, which perhaps is due to the
hydrogel shrinkage during oven-drying. As the PVPP-doped hydro-
gels (i.e. composite hydrogels), PVPP–PPCH5 and PVPP–PPCH-FT
were observed exhibiting comparatively more uniform and smaller
sub-micrometer pores but no rough bulging structures on their
FESEM micrographs (Fig. 4c and d), especially for the freeze-
thawing samples (PVPP–PPCH-FT), indicating that freeze-drying is
propitious for maintaining the intrinsic structure of hydrogels and
PVPP is a perfect miscible medium for cellulose and AMIMCl during

gelling. It is via these sub-micrometer pores that water is imbibed
into the hydrogel structure. Since the ESR depends on the size of the
sub-micrometer pores. Too big or too small sub-micrometer pores
will impede the swelling of hydrogels. So PVPP in fact affects the
ESR of the prepared hydrogels.
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Table 2
Equilibrium swelling ratios (%), NaSA load ratios (%) of different hydrogels prepared
from pineapple peel cellulose.

Hydrogels Drying process Equilibrium swelling
ratios (%)

NaSA load
ratios (%)

PPCH5 Freeze-dried 486.67 ± 12.47a 48.65 ± 1.15a

PVPP–PPCH Freeze-dried 400.00 ± 9.12b 36.04 ± 0.95b

PVPP–PPCH-FT Freeze-dried 326.67 ± 6.72c 28.00 ± 0.79c

PPCH5 Oven-dried 130.88 ± 2.20e 2.35 ± 0.09f

PVPP–PPCH Oven-dried 178.67 ± 2.85d 17.28 ± 0.27d

a

(

3

d
t
e
s
i
P
s
o
h
t
t
m
c
c
e
p
t
t
p
p
o
a
P
o
o
o
P
w
P
a

F
c

PVPP–PPCH-FT Oven-dried 173.33 ± 2.82d 8.16 ± 0.25e

bcdValues in a column with the same superscript are not significantly different
P < 0.05).

.6. Equilibrium swelling ratios and swelling kinetics

Table 2 shows the measured ESR of the oven-dried and freeze-
ried PPCH5, PVPP–PPCH and PVPP–PPCH-FT in water at room
emperature. It was found that all of the freeze-dried hydrogels
xhibited significant higher ESR than all the oven-dried hydrogels,
uggesting freeze-drying process is propitious for maintaining the
ntrinsic structure of hydrogels. Compared with the freeze-dried
PCH5, the freeze-dried PVPP–PPCH and PVPP–PPCH-FT exhibited
ignificant lower ESR. Compared with the oven-dried PPCH5, the
ven-dried PVPP–PPCH and PVPP–PPCH-FT exhibited significant
igher ESR. These results indicate that PVPP addition is propitious
o decrease the ESR of the freeze-dried hydrogels but increase
he ESR of the oven-dried hydrogels. As observed on the FESEM

icrographs (Fig. 4), PVPP addition is propitious to form more
ompact and uniform structure and make the hydrogels possess
omparatively smaller sub-micrometer pores during freeze-drying,
specially for the freeze-dried hydrogels and freeze-thawing sam-
les (PVPP–PPCH-FT). Because water is imbibed and restricted in
he hydrogel structure via the smaller sub-micrometer pores and
he ESR of hydrogels depends on the size of the sub-micrometer
ores as the water imbiber. Too big or too small sub-micrometer
ores do not benefit hydrogel swelling. Therefore, the swelling
f various freeze-dried hydrogels is restricted and the ESR is
ccordingly decreased. However, compared with the freeze-dried
PCH5, the oven-dried PPCH5 showed few sub-micrometer pores
n the FESEM micrograph due to the hydrogel shrinkage during
ven-drying. Such a shrinkage phenomenon of hydrogel during

ven-drying was also observed for the oven-dried PVPP–PPCH and
VPP–PPCH-FT. In fact, the shrinkage of the oven-dried PPCH5
as found more serious than the oven-dried PVPP–PPCH and

VPP–PPCH-FT. It is explicit that PVPP component in PVPP–PPCH
nd PVPP–PPCH-FT can weaken this shrinkage phenomenon dur-

ig. 5. The swelling kinetics of different hydrogels prepared from pineapple peel
ellulose.
Fig. 6. The release kinetics of different hydrogels prepared from pineapple peel
cellulose.

ing oven-drying. Consequently PVPP addition is propitious for the
swelling of hydrogels and the oven-dried PVPP-doped hydrogels
accordingly possess higher ESR than oven-dried PPCH5 (the PVPP-
undoped hydrogels).

Fig. 5 shows the swelling kinetics of the freeze-dried and oven-
dried PPCH5, PVPP–PPCH and PVPP–PPCH-FT in water at room
temperature. The swelling rates of these hydrogels were found
increased as time extended. Such an increase tendency was slowed
notably after 540 min and the swelling equilibrium was after
2700 min basically.

3.7. NaSA load ratio and release kinetics

Table 2 also shows the NaSA load ratios (%) of the both oven-
dried and freeze-dried PPCH5, PVPP–PPCH and PVPP–PPCH-FT.
From the table, it was found that all of the freeze-dried hydro-
gels exhibited significant higher NaSA load ratios than all the
oven-dried hydrogels. Maybe the distinct intrinsic structure and
higher swelling capability are attributed to this phenomenon. From

Table 2, it was found that PVPP addition could lower the NaSA load
ratios of the freeze-dried hydrogels but increase the NaSA load
ratios of the oven-dried hydrogels. These phenomena are similar
to the case of ESR. The rational explanation is that PVPP affects the
intrinsic structure of the hydrogels in the similar way. As shown on
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he FESEM micrographs (Fig. 4), as a perfect miscible medium, PVPP
akes the freeze-dried hydrogels more compact and uniform with

maller sub-micrometer pores during freeze-drying, especially for
he freeze-thawing samples (PVPP–PPCH-FT). Hence PVPP addi-
ion restricts the swelling of the freeze-dried hydrogels and the
aSA-loading is lowered. However, PVPP addition can weaken the

hrinkage of hydrogels during oven-drying. In this way, the restric-
ion of the swelling of the oven-dried hydrogels is accordingly
eakened. Consequently PVPP addition is propitious to increase

he NaSA-loading of the oven-dried hydrogels.
For drug controlling release from a polymer matrix, some

arameters are closely involved, such as the swelling behavior
f polymer matrix, drug affinity to polymer chains, solubility of
rug in water, drug change interval of release media, etc. (Brazel &
eppas, 1999; Chen et al., 2009). In this work, the effects of drying
rocess and PVPP addition on the release kinetics of the hydro-
els prepared from PPC were studied with NaSA as the model drug,
xhibited as Fig. 6. All the hydrogels, including freeze-dried and
ven-dried PPCH5, PVPP–PPCH and PVPP–PPCH-FT were observed
xhibiting a linear steep phase and slow phase during NaSA release.
he release ratios reached almost 99–100% at the end. For the
reeze-dried PPCH5, the linear steep NaSA release was found within
0 min, however for the oven-dried PPCH5, the linear steep NaSA
elease was observed within 180 min (Fig. 6a). For the freeze-dried
VPP–PPCH, the linear steep NaSA release arose within 120 min,
owever for the oven-dried PVPP–PPCH, the linear steep NaSA
elease was extended to 360 min (Fig. 6b). For the freeze-dried
VPP–PPCH-FT, the linear steep NaSA release arose within 120 min
hile for the oven-dried PVPP–PPCH-FT, the linear steep NaSA

elease was extended to 360 min (Fig. 6c). These differences indi-
ate that oven-drying processing and PVPP addition benefit for
lowing the NaSA release and extending the release equilibrium
ime.

. Conclusions

Hydrogels and composite hydrogels prepared from pineap-
le peel cellulose show differences in characterization and NaSA
elease. As a functional miscible medium, PVPP can improve the
echanical properties and thermal stability of the composite

ydrogels. The freeze-dried hydrogels possess higher ESR and NaSA
oad ratios than the oven-dried hydrogels. PVPP addition makes the
reeze-dried hydrogels decrease in ESR and NaSA load ratios but

akes the oven-dried gels increase in ESR and NaSA load ratios.
ven-drying processing and PVPP addition are propitious for slow-

ng the NaSA release.
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