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Abstract Novel composite hydrogels were synthe-
sized by grafting of acrylic acid onto pineapple peel
cellulose and addition of kaolin or sepia ink in ionic
liquid 1-butyl-3-methylimidazolium chloride, using
potassium persulfate as a free radical initiator and
N,N'-methylenebisacrylamide as a crosslinking agent.
The structure and morphology of the prepared hydro-
gels were characterized by Fourier transform infrared
spectroscopy, field emission scanning electron micro-
scope, X-ray diffraction, thermogravimetry and dif-
ferential scanning calorimetry. Kaolin and sepia ink
improved the thermal stability of the hydrogels.
Swelling studies on the prepared hydrogels indicated
sepia ink and kaolin affected the swelling ratio and
pH-responsive properties. The optimum swelling pH
value for the hydrogels was shifted from 7.0 to 12.0 in
the presence of sepia ink. The effects of kaolin and
sepia ink contents on methylene blue adsorption
capacity of the prepared hydrogels were also investi-
gated. The optimum methylene blue adsorption
capacity reached 153.85 mg/g at 10% of kaolin and
142.21 mg/g at 20% of sepia ink. The pseudo-second-
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order kinetic model fit well with the experimental
results, indicating the adsorption was chemisorption
behavior.

Keywords Pineapple peel cellulose - Hydrogel -
Acrylic acid - Kaolin - Sepia ink - Methylene blue

Introduction

In recent years, many works have been devoted to
studying the utilization of biomaterials, mainly the
byproducts or wastes from industrial processing and
agricultural waste materials. One of the most abundant
biomaterials is pineapple (Ananas comosus L. Merryl)
peel from the production of salads, juice, jam, canning
and bromelain from pineapple (Da Silva et al. 2013;
Noretal. 2015; Wan et al. 2016). About 16—19 million
tons of pineapple are produced around the world
annually. Especially in can and juice processing,
pineapple peel discharge produces waste of about 35%
of the total pineapple weight and causes serious
environmental issues (Hu et al. 2010). Hence, the
multipurpose utilization of pineapple peel is of
important significance. Pineapple peel is principally
composed of cellulose, hemi-cellulose, lignin, pectin
and so on, and cellulose generally accounts for
20-25% of the dry weight of the pineapple peel;
however, only few studies have focused on the use of
pineapple peel cellulose (Hu et al. 2013).
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Cellulose is an extensive crystalline homo-polymer
of anhydroglucopyranose units (AGU) via B-(1 — 4)
glycosidic linkage and intra- and inter-molecular
hydrogen bonds (Fengel and Wegener 1983). As the
most abundant renewable resource on earth, cellulose
has been translated into numerous new functional
materials for a broad range of applications because of
the increasing demand for “environmentally friendly”
and biocompatible products in recent years (Zhang
et al. 2015). Although cellulose is inexpensive,
nontoxic, renewable, biodegradable, biocompatible
and modifiable, its industrial applications are still
limited because of its limited dissolution in water and
common organic or inorganic solvents (Mai et al.
2016). Until now, only few solvent systems have been
developed to effectively dissolve cellulose, such as
N,N-dimethylacetamide/lithium chloride (DMAc/
LiCl) (Zhang et al. 2014a, b), dimethyl sulfoxide/
tetrabutylammonium fluoride (DMSO/TBAF) (Yusup
et al. 2015), N,N-dimethylformamide/dinitrogen
tetroxide (DMF/N,0,4) (Mai et al. 2016), N-methyl-
morpholine-N-oxide (NMMO) (Jin et al. 2015) and
NaOH/urea aqueous systems (Li et al. 2015). How-
ever, the main limitations in the practical use of these
solvent systems are their toxicity, instability, high-
cost, complex process and/or difficulties in reusability
and recycling. Recently, room temperature ionic
liquids (ILs) have been considered to be promising
and green solvents for dissolving and processing
cellulose owing to their low melting points, excellent
dissolving capability, recyclability and negligible
vapor pressure (Liu et al. 2015). For example,
1-allyl-3-methylimidazolium chloride (AmimCl),
1-butyl-3-methylimidazolium chloride (BmimCl)
and 1-ethyl-3-methyl-imidazolium chloride (EmimCl)
have been successfully used to process cellulose into
composite materials for applications in the wastewater
treatment, enzyme immobilization and drug delivery
fields (Isik et al. 2014; Kim et al. 2012; Wang et al.
2013a, b; Xiong et al. 2014).

Hydrogels are three-dimensional networks of
hydrophilic polymers formed by chemical and/or
physical crosslinking and can absorb large quantities
of water or biological fluids (Facin et al. 2015).
Hydrogels with the characteristics responding to
external stimulation such as temperature, pH, salt,
light, electric fields and chemical environments are
often referred to as “intelligent” or “smart” hydro-
gels, particularly those noncovalent dynamic bonding

@ Springer

(hydrogen bonding, hydrophobic, n—n stacking and
electrostatic  interactions) dependent hydrogels
(Chang et al. 2011). Compared with hydrogels
prepared from synthetic polymers, hydrogels based
on biopolymer such as cellulose, starch, chitosan,
collagen and their derivatives have attracted great
attentions recently due to their high hydrophilicity,
biocompatibility, nontoxicity and biodegradability
(Basri et al. 2016; Cheng et al. 2014; Facin et al.
2015; Kim et al. 2012; Peng et al. 2016). The
cellulose-based smart hydrogels are particularly
attractive because of the abundant source, high
biocompatibility and excellent thermal and mechan-
ical properties of cellulose. However, little literature
about the utilization of pineapple peel cellulose has
been reported so far, especially the preparation and
application of pineapple peel cellulose-based hydro-
gels. Recently, our laboratory has reported that
pineapple peel cellulose and the combinations with
polyvinyl pyrrolidone (PVPP), polyethylene glycol
(PEG), polyvinyl alcohol (PVA), r-carrageenan (CN)
or soluble starch (SH) can be prepared in composite
hydrogels by heating—cooling-washing or heating—
cooling-freezing-thawing-washing  processing in
AmimCl (Hu et al. 2010, 2013). Moreover, our
previous study reported that novel composite hydro-
gels based on pineapple peel cellulose and sepia ink
were synthesized by homogeneous acetylation in
BmimCl, and the composite hydrogels showed effec-
tive removal of methylene blue from aqueous solu-
tions (Dai and Huang 2016). However, to our
knowledge, there is no report about smart hydrogels
prepared from pineapple peel cellulose.

Kaolin is a good adsorbent for removing contam-
inants from textile and dye industry wastewater and
gradually is being used in preparing hydrogels because
of its unique structure and high mechanical strength.
(Pradhan et al. 2015; Shirsath et al. 2013). Sepia ink is
mainly composed of melanin and shows obvious
adsorption of Fe3+, Cu2+, Zn2+, Cd2+, Pb>* and Ca*™.
However, until now, little literature has been available
regarding the application of sepia ink in removing dye
as well as in hydrogel preparation (Dai and Huang
2016). In this study, novel multi-component hydrogels
were prepared by acrylic acid-grafting onto pineapple
peel cellulose in the presence of kaolin and sepia ink;
here, the graft of acrylic acid was to produce a pH-
responsive characteristic for the hydrogels, and the
incorporation of kaolin and sepia ink in hydrogels was
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to improve the properties of the hydrogels such as the
gel strength and mechanical, thermal stability and
adsorption capacity. Based on the characterization by
Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), X-ray diffraction
(XRD), thermogravimetric analysis (TGA and DTG)
and differential scanning calorimetry (DSC), the
swelling behavior, pH sensitivity and methylene blue
adsorption of the prepared hydrogels were
investigated.

Materials and methods
Materials and reagents

Pineapple peel was obtained from a local pineapple
processing factory (Guangzhou City, China). Ionic
liquid 1-butyl-3-methylimidazolium chloride (BmimCl)
was purchased from Lanzhou Institute of Chemistry
Physics, Chinese Academy of Sciences (Lanzhou City,
China). Kaolin was purchased from Tianjin Fuchen
Chemical Reagent Co., Ltd. (Tianjin City, China).
Acrylic acid (AA; purity >99.0%) was obtained from
Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin
City, China). Ammonium persulfate (APS; purity
>08.0%) was supplied by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai City, China). N,N'-
methylenebisacrylamide (MBA; purity >99.0%) was
purchased from Tianjin Xinchun Chemical Reagent Co.,
Ltd. (Tianjin City, China). Methylene blue (MB; purity
>98.5%) was supplied by Guangzhou Chemical Reagent
Co., Ltd. (Guangzhou City, China). All other chemicals
and solvents used in this experiment were of analytical
grade.

Preparation of sepia ink

Cuttlefishes (Sepia pharaonis) were purchased from
Xiashan Aquatic Products Wholesale Market (Zhan-
jiang City, China) in March 2015. After collection,
identification and authentication by Round Beibu Gulf
Institute for the Protection and Utilization of Marine
Animals in Medicine, China, the cuttlefishes were
immediately treated in the laboratory to obtain sepia
ink. The ink sacs were removed from the cuttlefishes
and washed with distilled water. After dissection, the
ink was transferred into 800 ml distilled water in a
1000-ml beaker. The ink was immersed in distilled

water overnight at room temperature to remove water-
soluble impurities and then was centrifuged at
5000x g for 20 min. The precipitate was collected
and dried at 50 °C for 24 h. The dried ink was ground
and passed through a 100-mesh sieve and then stored
at —20 °C for further experiments.

Preparation of pineapple peel cellulose

Pineapple peel cellulose (PPC) was prepared by the
method reported by Hu et al. (2010; 2013) with a few
modifications. Pineapple peel was washed with dis-
tilled water to remove dirt and dried in an oven at
50 °C for 24 h. Thereafter, the dried peel was
pulverized and sieved to a particle size of 150 to
200 pm. To extract the cellulose, the pineapple peel
powder (50 g) was stir-treated with 1000 ml of
distilled water at 80 °C for 2 h. The insoluble residue
was collected and delignified with sodium chlorite
solution (7.5%, w/v, pH 3.8-4.0, adjusted by 4 mol/l
hydrochloric acid) at 75 °C for 2 h. After filtration, the
residue was washed thoroughly with distilled water
and ethanol (95%, v/v) three times by alternations and
then was dried in an oven at 50 °C for 16 h. The dried
residue was stir-treated with potassium hydroxide
solution (10%, w/v) at room temperature for 10 h so as
to remove the hemicellulose. Again after filtration, the
residue was washed thoroughly with distilled water
and 95% ethanol by turns until the filtrate was neutral.
Finally, pineapple peel cellulose was available after
drying in an oven at 50 °C for 16 h and pulverizing
into a particle size of 150 to 200 pm. The yield of
pineapple peel cellulose by the above processing was
almost 23% (w/w).

Preparation of pineapple peel cellulose hydrogels

PPC (0.2 g) was mixed with 8 g of BmimCl and stir-
treated at 90 °C for 5 h under N, atmosphere to
guarantee complete dissolution. After cooling down to
60 °C, the calculated amount of initiator APS was
added and kept at 60 °C for 15 min to generate
radicals. Then, the mixture of AA (85% neutralization
degree; adjusted by 40% sodium hydroxide solution at
an ice bath) and MBA was added to the solution. The
reaction was performed at 70 °C for 3 h under stirring
and N, atmosphere. Then, the calculated kaolin
(0-0.8 g) and sepia ink (0-0.12 g) were added into
the mixture at 70 °C for 2 h under stirring to form a
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homogeneous product. After the required time and
cooling down to room temperature, the resulting
mixture was slowly immersed in distilled water to
remove the water-soluble oligomer, uncrosslinked
polymer and unreacted monomer. Finally, the formed
hydrogels were dried in a vacuum freeze drier at
—50 °C for 36 h and stored at room temperature for
further use. The detailed formulations for the hydro-
gels are listed in Table 1.

Characterization
Fourier transform infrared spectroscopy

Prior to measurement, the tested specimens were
prepared by the KBr disk method. The FT-IR spectra
of the samples were recorded on a FT-IR spectrometer
(Vector 33, Bruker, Germany) from 400 to 4000 cm”!

at a resolution of 4 cm ™.

Scanning electron micrograph

The internal surface morphology of the samples was
observed using a field emission scanning electron
microscope (S-3700N, Hitachi, Japan). Prior to obser-
vation, the surface of the samples was coated with a
thin film of gold using a sputter coater (Cressington
108 auto, Watford, UK).

Table 1 Feed compositions of the hydrogels

Sample PPC (g) AA (g) Kaolin (%)* Sepia ink (%)b
PPCH-1° 0.2 0.8 0 20
PPCH-2 0.2 0.8 10 20
PPCH-3 0.2 0.8 25 20
PPCH-4 0.2 0.8 40 20
PPCH-5¢ 0.2 0.8 25 0
PPCH-6 0.2 0.8 25 40
PPCH-7 0.2 0.8 25 60
PPCH-8° 0.2 0.8 0 0

# Kaolin/PPC ratio by weight. For example, 10% (PPCH-2)
indicates 0.02 g addition of the initial amount of kaolin

b Sepia ink/PPC ratio by weight. For example, 20% (PPCH-1)
indicates 0.04 g addition of the initial amount of sepia ink

¢ Prepared without addition of kaolin (PPCH-1)
4 Prepared without addition of sepia ink (PPCH-5)
¢ Prepared without addition of kaolin and sepia ink (PPCH-8)
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X-ray diffraction

The XRD patterns of the samples were performed using
an X-ray diffractometer (D8 ADVANCE, Bruker,
Germany) with Cu-Ka radiation (4 = 0.15418 nm) as
X-ray source at 40 kV of accelerating voltage and
40 mA of current. Scanning speed was set at 2°/min in
the region of the diffraction angle (260) from 4° to 40°
for the hydrogel samples and from 4° to 70° for sepia
ink and kaolin.

Thermal analysis

Analysis of the thermal stability of the samples was
performed based on thermal gravimetric analysis (TGA
and DTG) and differential scanning calorimetry (DSC)
using a simultaneous thermal analyzer (STA449C,
NETZSCH, Germany) from the ambient temperature to
500 °C under N, atmosphere at 10 °C/min heating rate.

Study of properties
Swelling kinetics study

Prior to the swelling study, the hydrogels were cut and
uniformed into small blocks of about 3 mm x 3 mm x
3 mm size. For swelling behavior analysis of the
hydrogels, 25 mg of the prepared hydrogels was
immersed into excessive distilled water at room tem-
perature. After preset time intervals, the swollen
hydrogels were removed from water and immediately
weighed after blotting the excess water on the surface
using filter paper. The swelling ratio (SR) was calcu-
lated according to the following equation:

Wi

—-W,
24100 (1)
Wy

SR (%) =

where Wy and W, are the weights of the hydrogels
before and after swelling at specified time intervals,
respectively.

Evaluation of pH sensitivity

The gravimetric method was employed to measure the
swelling ratio of the hydrogels in the aqueous
solutions at different pH values from 2.0 to 12.0.
The pH values were adjusted by HCl and NaOH
solutions and determined by a pH meter (PHS-25,
Shanghai Leici Instrument Co., Ltd., China). The ionic
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strengths of all solutions were adjusted to 0.1 mol/l
with NaCl solution. The uniformed hydrogels (25 mg)
were immersed into excessive solutions at room
temperature to reach swelling equilibrium. The swol-
len hydrogles were then removed from the solution
and weighed immediately after eliminating the excess
water on the surface using filter paper.

Adsorption of methylene blue

Adsorption experiments were carried out in a batch
mode to study the effect of kaolin and sepia ink
content on adsorption behavior. Prior to adsorption
experiments, the hydrogels were cut into uniformed
small blocks of about 3 mm x 3 mm x 3 mm. The
uniformed hydrogel samples (25 mg) were immersed
into 40 ml of MB aqueous solution of 100 mg/l at
room temperature. After preset time intervals, the
residual concentration of the MB solution was mea-
sured using a UV-vis spectrophotometer (UV-1800,
Shimadzu, Japan) at 664 nm. The adsorption capacity
of the hydrogels at time ¢ (Q,, mg/g), the equilibrium
adsorption capacity (Q., mg/g) and the removal
efficiency (R, %) of MB were calculated based on
the following equation, respectively:

g -G -GV @)
m

0. — (C() — Ce)V (3)
m

R=S"C 100 (4)

0

where Cy and C; (mg/l) are the concentrations of MB
solution at the initial time and time 7 (h), respectively;
C. (mg/l) is the equilibrium concentration of the MB
solution; V (L) is the volume of the MB solution, and
m (g) is the weight of the dried hydrogels.

Results and discussion
Mechanism of hydrogel formation

In this research, hydrogels were prepared by crosslink-
ing and grafting AA onto pineapple peel cellulose in
the presence of kaolin and sepia ink. Generally, APS
and MBA were used as a free radical initiator and a
hydrophilic crosslinking agent, respectively. The

proposed mechanism for grafting and chemically
crosslinking reactions is outlined as Scheme 1. Ini-
tially, the persulfate initiator was decomposed into
sulfate anion-radicals under heating and stirring.
Subsequently, the sulfate anion-radicals extracted
hydrogen from the hydroxyl group of PPC to form
alkoxy radicals. Thus, the monomer molecule (AA)
near to the vicinity of the reaction sites became
acceptors of PPC radicals, resulting in chain initiation
and thereafter conversion of itself into free radical
donors at the neighboring molecules, and the grafted
chain became extended. Then, the end vinyl groups of
the crosslinker (MBA) reacted with the polymer chains
during propagation of the chain to form a crosslinked
structure. Here, kaolin may act as a crosslinking agent
to form the network of the hydrogel, and sepia ink can
be distributed on the surface or interior of the polymers.
In order to minimize the damage effect of AA on kaolin
and sepia ink structures, kaolin and sepia ink were
added to the reaction mixture after 3 h. At this stage,
the mixture had lower viscosity than the initial reaction
mixture, which was beneficial for forming a uniformed
mixture. In fact, the grafting and copolymerization
reaction still continued until cooling down to room
temperature and immersion into water. Therefore,
kaolin and sepia ink could be effectively loaded in the
network structure with this method, which is also
confirmed by the subsequent SEM and XRD results in
the present research. Bao et al. (2011) and Rashidzadeh
et al. (2014) reported a basically identical reaction
mechanism concerning the hydrogel prepared from
sodium carboxymethyl cellulose-g-poly(acrylic acid-
co-acrylamide-co-2-acrylamido-2-methyl-1-propane-
sulfonic)/montmorillonite and the hydrogel prepared
from sodium alginate-g-poly(acrylic acid-co-acry-
lamide)/clinoptilolite hydrogel, respectively. Zhang
et al. (2014a, b) also found a similar reaction
mechanism for hydrogel prepared from maize bran-
poly(acrylic acid).

Characterization

FT-IR spectra analysis

The FT-IR spectra of the initial substrates (PPC, sepia
ink and kaolin) and the prepared hydrogels (PPCH-1,
PPCH-5, PPCH-7 and PPCH-8) are depicted in Fig. 1.

On the spectra of kaolin, the characteristic peaks at
1088 and 907 cm ™' can be considered as the attribute
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Fig. 1 FTIR spectra of kaolin, sepia ink, PPC and the prepared
hydrogels PPCH-1, PPCH-5, PPCH-7 and PPCH-8

of the Si—O stretching vibration (Liu et al. 2010). The
absorption peaks at 792 and 564 cm ™' can be assigned
to the Si—O—-Al stretching mode and Si—O-Al bending
vibration, respectively (Bao et al. 2011). On the spectra
of sepia ink, the absorption peaks at 3224, 1578 and
1368 cm™ ' may be due to the O—H and N—H stretching
vibrations, the ionization of COO- and C=0 double
bonds, and C-N stretching vibration, respectively,
exhibiting the characteristic peaks of melanin (Guo
et al. 2014; Moniruzzaman et al. 2015). On the spectra
of PPC, the characteristic peaks at 3400, 2900, 1053
and 1436 cm ™' were ascribed to the stretching vibra-
tions of O—H and N-H, C-H, C-O-C and the bending
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vibration of C-H, respectively, exhibiting the typical
adsorption of native cellulose (Hu et al. 2010).
Compared with the spectra of PPC, the hydrogels
based on PPC showed some changes in their charac-
teristic peaks; here, PPCH-1 and PPCH-7 prepared
from PPC and sepia ink showed wider and flatter
characteristic peaks at 3400 cm ™' because of O—H and
N-H stretching vibrations, indicating the successful
incorporation of sepia ink. PPCH-5 and PPCH-7
prepared from PPC and kaolin showed a weak peak
at 565 and 559 cm ™' because of the Si-O-Al bending
vibration, respectively, suggesting the successful
grafting of kaolin. Furthermore, for all hydrogels,
two newly appearing absorption peaks at 1567 and
1725 cm™" were observed. The peak at 1567 cm™'
was assigned to the C=0 asymmetric stretching from
the carboxylate anion (Bao et al. 2011). The peak at
1725 cm™" was attributed to the ester group formed
during the graft reaction between AA and PPC. All
these results indicate the successful grafting and
synthesis of PPC-g-AA/kaolin/sepia ink hydrogels
during the polymerization process.

SEM analysis

To determine the surface characteristics of the
prepared hydrogels, SEM studies were performed.
The SEM micrographs of PPCH-1, PPCH-5, PPCH-7,
PPCH-8, PPC, sepia ink and kaolin are depicted in
Fig. 2. As shown in Fig. 2a—c, as the initial substrates
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of the prepared hydrogels, PPC (Fig. 2a) exhibited a
significant rough structure of the fiber-like network.
Sepia ink (Fig. 2b) and kaolin (Fig. 2¢) consisted of
small particles and few agglomerates. The diameters
of sepia ink and kaolin particles were about 100-200
and 1-2 pm, respectively. Like the majority of freeze-
dried hydrogels, the present hydrogels also depicted
irregularly porous structures, as shown in Fig. 2d, e
(top left). However, to study the effect of sepia ink and
kaolin on the surface structure of the hydrogels, the
SEM horizons were mainly focused on the relatively
flat area of the hydrogels. As shown in Fig. 2d-f, after
introducing kaolin and sepia ink, the SEM micro-
graphs of PPCH-7, PPCH-1 and PPCH-5 showed that
some small particles were well distributed on the
surface of hydrogels, indicating the homogeneous
insertion of sepia ink and kaolin into the graft
copolymers. However, it was evident from Fig. 2g
that PPCH-8 prepared without addition of sepia ink
and kaolin exhibited a smooth surface instead of the
fiber-like network structure of PPC and showed no
particles. This may be attributed to the damage of the
crystal structures of cellulose chains resulted from
dissolution and modification (Zhang and Xia 2012).

XRD pattern analysis

The XRD patterns of the initial substrates (PPC, sepia
ink and kaolin) and the prepared hydrogels are shown
in Fig. 3. PPC exhibited a strong peak at 20 = 21.8°
and two weak peaks at 20 = 15.3° and 20 = 34.6°,
corresponding to the typical diffraction peaks of the
crystal structure of cellulose If (Nam et al. 2016),
while kaolin showed a strong crystalline peak at
20 = 20.2° and a broad peak at 20 = 26.3°. The
strong diffraction peaks of sepia ink at 26 were around
of 16.3°, 21.7°, 26.2° and 35.1°. Compared with the
XRD pattern of PPC, there was only a decreased broad
peak in intensity at around 26 = 20°-22° for PPCH-1
and PPCH-8, corresponding to the characteristic of
amorphous cellulose (Nam et al. 2016; French 2014;
French and Cintrén 2013). The XRD pattern differ-
ences among PPCH-1, PPCH-5, PPCH-7 and PPCH-8
may be due to the addition of kaolin. The peak at
20 = 26.2° only observed for PPCH-7 and PPCH-5
may be attributed to the incorporation of kaolin with a
broad peak at 20 = 26.3°. Meanwhile, it is considered
that kaolin also can react with acrylic acid when
grafting (Pourjavadi et al. 2008; Lungu et al. 2012).

Fig. 2 SEM microgaraphs of PPC (a), sepia ink (b), kaolin (¢), PPCH-7 (d), PPCH-1 (e), PPCH-5 (f) and PPCH-8 (g)
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Fig. 3 XRD patterns of kaolin, sepia ink, PPC and the prepared
hydrogels of PPCH-1, PPCH-5, PPCH-7 and PPCH-8

Hence, addition of kaolin would reduce the reaction
between acrylic acid and PPC because of the compe-
tition of kaolin, finally resulting in the differences in
XRD patterns among the different hydrogels. In
addition, for PPCH-7, PPCH-1 and PPCH-5, the
typical diffraction peaks of sepia ink or kaolin were
found to have disappeared or been weakened, indicat-
ing that the sepia ink and kaolin inside the hydrogels
were dispersed randomly in amorphous phase.

Thermal analysis

Considering the importance of thermal stability in
applications of composite materials, the thermal
properties of the initial substrates (PPC, sepia ink
and kaolin) and the prepared hydrogels were studied
and compared using a simultaneous thermal analyzer.
The TGA and DTG curves for sepia ink, kaolin, PPC
and the prepared hydrogels are depicted in Fig. 4. As
shown in Fig. 4a, the TGA curve of sepia ink showed a
continuous weight loss phase from 70 to 500 °C, and
the TGA curve of kaolin was a horizontal line,
indicating a better thermal stability. Compared with
sepia ink and kaolin, the TGA curves of the PPC and
the prepared hydrogels had an obvious weight loss that
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Fig. 4 TGA (a), DTG (b) and DSC (c) curves of kaolin, sepia
ink, PPC and the prepared hydrogels PPCH-1, PPCH-5, PPCH-7
and PPCH-8

could be divided into two distinct stages from 25 to
500 °C. The first stage of weight loss appeared from
70 to 160 °C, corresponding to the loss of the adsorbed
water or bound water in the samples. The second stage
appeared from 190 to 400 °C, attributed to the thermal
degradation of the base polymers, mainly resulted
from the thermal decompositions of oxygen-contain-
ing functional groups such as carboxyl, hydroxyl,
epoxy, nitrogen dioxide and ketone (Yadav et al. 2013;
Zhuang et al. 2016). The initial decomposition tem-
perature of PPC was 245 °C, significantly higher than
that of the prepared hydrogels, suggesting that the
prepared hydrogels had lower thermal stability than
the native cellulose. Similar observations were also
reported in other published works (Peng et al. 2014;
Senna et al. 2014; Su et al. 2015). At above 500 °C, it
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was found that PPC retained almost 20% of its initial
mass, while PPCH-1, PPCH-5, PPCH-7 and PPCH-8
retained almost 28, 32, 40 and 23% (respectively) of
the initial mass at the same temperature as above.
However, kaolin and sepia ink retained almost 99 and
54%, respectively, of the initial mass at above 500 °C.
The results demonstrated that the thermal stability of
hydrogel was significantly increased because of the
addition of sepia ink (PPCH-1), kaolin (PPCH-5) or
the complex of sepia ink and kaolin (PPCH-7). This is
in accordance with our previous study (Dai and Huang
2016). Pradhan et al. (2015) also found a high thermal
stability for the nanohydrogel chitosan-g-PHEMA/
kaolin because of the insertion of kaolin.

As shown in Fig. 4b, compared with PPC, the DTG
curves of the hydrogels exhibited three main peaks
from 25 to 500 °C. Besides the initial peak of the
evaporation of water at around 75 °C and the last peak
of cellulose degradation at around 350 °C, all the
prepared hydrogels had a new peak at around
250-300 °C, with 260 °C for PPCH-5 and PPCH-7,
and 280 °C for PPCH-1 and PPCH-8, respectively.
Furthermore, as the hydrogels prepared without the
addition of kaolin or sepia ink, PPCH-1 and PPCH-8
showed a slightly higher degradation rate at around
350 °C, indicating the beneficial effect of sepia ink and
kaolin on improving the thermal stability of hydrogels.

The DSC curve reflecting the energy consumption
characteristic during pyrolysis was also analyzed in
this work. Figure 4c shows the DSC curves of kaolin,
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Fig. 5 Swelling kinetic curves (a) and pH sensitivities (b) of

the prepared hydrogels PPCH-1, PPCH-5, PPCH-7 and PPCH-8
(sub-figure in a indicates the Schott’s second-order kinetic

sepia ink, PPC and the prepared hydrogels. As shown
in Fig. 4c, there was only one endothermic peak at
around 108 °C for sepia ink, which was probably
attributed to the degradation of polysaccharides or
proteins in sepia ink (Derby 2014). For kaolin, there
was no obvious endothermic peak at the preset tem-
perature range, suggesting the better thermal stability
of kaolin. For PPC, two sharp endothermic peaks were
observed at around 296 and 374 °C, respectively,
which was probably due to the degradation of cellulose
and the destruction of the crystal structure. Compared
with PPC, the prepared hydrogels including PPCH-1,
PPCH-5, PPCH-7 and PPCH-8 showed only one sharp
endothermic peak at 359, 330, 355 and 362 °C,
respectively, which may be ascribed to the decompo-
sition of cellulose inside hydrogels. However, at above
400 °C, the prepared hydrogels showed a broad and flat
endothermic peak, indicating a higher temperature for
decomposition of the prepared hydrogels.

Swelling studies
Swelling kinetics

Figure 5a shows the swelling kinetics of the prepared
hydrogels of PPCH-1, PPCH-5, PPCH-7 and PPCH-8.
Obviously, the prepared hydrogels exhibited a similar
model of swelling kinetics. The swelling ratio
increased sharply during the initial 40 min, reaching
about 90% of the equilibrium value. The swelling ratio
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model of the prepared hydrogels, and b indicates the effect of pH
on the swelling ratio of the prepared hydrogels)
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increased slowly after 40 min and almost reached a
plateau after approximately 60 min. For evaluating the
dynamic swelling properties of the prepared hydro-
gels, Schott’s second-order kinetic model was applied
and expressed in linear form as follows (Schott 1992):

t 1 1

0. k02" 0. 2
where Q. (%) and Q, (%) are the swelling ratios of the
prepared hydrogels at equilibrium and any time (min),
respectively. k (%/min) is the initial swelling rate
constant. Based on the swelling data, the swelling
kinetic parameters including the correlation coeffi-
cients (R%), k and calculated swelling ratio (Qe ca1) can
be obtained by linear regression and displayed in
Table 2. The plots of t/Q; versus t displayed perfect
straight lines with a good linear correlation coefficient
(R* > 0.99; sub Fig. 5a), and the Qecca from the
swelling kinetic model was very close to the exper-
imental values (Qe cxp), indicating that Schott’s sec-
ond-order kinetic model was suitable for evaluating
the kinetic swelling behaviors of the prepared hydro-
gels. Compared with PPCH-8 without addition of
sepia ink and kaolin, PPCH-1, PPCH-5 and PPCH-7
showed a higher initial swelling rate but lower
equilibrium swelling ratio. On the one hand, the
insertion of sepia ink and kaolin could increase the
surface hydrophilicity of the hydrogels because of
some functional groups in sepia ink and kaolin such as
—COOH, -NH and -OH (Dai and Huang 2016;
Pourjavadi et al. 2008); hence, the initial swelling
rate of PPCH-1, PPCH-5 and PPCH-7 was increased.
On the other hand, the insertion of sepia ink and kaolin
also could lead to higher crosslinking density of the
hydrogels (Pourjavadi et al. 2007), resulting in a lower
equilibrium swelling ratio of PPCH-1, PPCH-5 and
PPCH-7.

Table 2 Swelling kinetic parameters for the prepared hydro-
gels in distilled water at room temperature

Hydrogels Qe.exp (%) R2 Qe,cal (%) k (%/mm)
PPCH-1 24332 0.9987 24933 6.4 x 107°
PPCH-5 2632.4 0.9991 26894 6.3 x 107°
PPCH-7 2312.8 0.9985  2378.4 59 x 1073
PPCH-8 3926.8 0.9994  3995.0 52 x 1073

@ Springer

pH sensitivity of the prepared hydrogels

The swelling ratio of the prepared hydrogels (PPCH-1,
PPCH-5, PPCH-7 and PPCH-8) was investigated in
the aqueous solutions at different pH values from 2.0
to 12.0. As observed in Fig. 5b, the swelling behaviors
of the prepared hydrogels clearly exhibited pH sensi-
tivity. For PPCH-5 and PPCH-8, the swelling ratio
considerably increased with the increased pH from 2.0
to 7.0 and then significantly decreased within pH
7.0-12.0. The maximum swelling ratio was observed
at pH 7.0. However, for PPCH-7 and PPCH-1, the
swelling ratio continuously increased with the
increased pH values from 2.0 to 12.0. The obvious
pH-dependent change of the prepared hydrogels in the
swelling ratio demonstrated the excellent pH-sensitive
characteristic. This intriguing pH-dependent behavior
of the prepared hydrogels could be attributed to the
following reasons. The prepared hydrogels contained
numerous hydrophilic -COO™ and -COOH groups in
their network structures that could convert with each
other. Under acid medium (usually at pH <4), most of
the -COO™ groups were protonated from —COO™ to —
COOH; subsequently, the hydrogen-bonding interac-
tion among —COOH groups was strengthened, and an
additional physical crosslinking was generated. In the
meantime, the electrostatic repulsion among —COO™
groups was restricted; thus, the diffusion of water into
the network structure of the prepared hydrogels was
impaired, finally resulting in a low swelling ratio at
low pH values (Peng et al. 2011). On the contrary, as
the external pH increased, the opposite process
occurred, and the swelling ratio increased. The reason
was that the hydrogen-bonding interactions were
broken beccause of the ionization of —-COOH groups
from —COOH to —COO™. Besides, the reinforcement
of the electrostatic repulsion between —COO™ groups
also caused an increased swelling ratio. However,
under alkaline conditions, the charge screening effect
of Na® counterions in the swelling medium could
prevent effective anion—anion repulsions and subse-
quently led to decreased swelling ratio (Zhou et al.
2013). For these reasons, PPCH-5 and PPCH-8
showed a decrease of the swelling ratio at high pH
values. However, the swelling ratio of PPCH-1 and
PPCH-7 exhibited a continuous increase at high pH
values. This may be attributed to the increase of —
COO™ groups in hydrogels because of the addition of
sepia ink, subsequently leading to an increase of
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electrostatic repulsion among the —COO™ groups
accompanied by the increased swelling ratio.

MB adsorption kinetics analysis and comparison
between the prepared hydrogels

As adsorption kinetics can be used to describe the dye
adsorption rate and eventually to explore the mecha-
nism and possible rate-controlling steps of adsorption,
in this study, a series of MB adsorption experiments
were carried out to investigate the effect of contents of
kaolin and sepia ink in the prepared hydrogels on MB
adsorption capacity (Q,). The results are shown in
Fig. 6. It can be clearly seen that the Q, of MB
increased rapidly during the initial adsorption phase
(prior to the 37th h) and then showed a further slow
increase over the time, and it finally reached absorp-
tion equilibrium after approximately 120 h. This is
attributed to a higher initial MB concentration and
abundant free adsorption sites available during the
initial adsorption phase (Fu et al. 2015). Figure 6a, c
shows the effect of the kaolin content on the adsorp-
tion capacities of the prepared hydrogels for MB. As
shown in Fig. 6a, the adsorption capacity first
increased and then decreased as the kaolin content
increased. For the hydrogels of PPCH-1, PPCH-2,
PPCH-3 and PPCH-4, their kaolin contents were 0, 10,
25 and 40%, respectively. Compared with PPCH-1
and PPCH-4, PPCH-2 and PPCH-3 showed a higher
adsorption capacity for MB. After the initial adsorp-
tion phase, the Q, values of PPCH-1, PPCH-2, PPCH-3
and PPCH-4 were 119.95, 140.63, 142.21, and
111.32 mg/g, respectively. As shown in Fig. 6¢c, at
adsorption equilibrium, the Q; values of PPCH-I,
PPCH-2, PPCH-3 and PPCH-4 were 144.86, 153.85,
151.59 and 148.99 mg/g, respectively, and the
removal efficiency of MB reached 88.81, 95.45,
93.78 and 91.86%, respectively, indicating the appro-
priate kaolin content was 10%. At low kaolin content,
kaolin was easily ionized and dispersed into the
hydrogels, thus enhancing the hydrophilicity of the
hydrogels, which was advantageous for adsorption
behavior. However, an overly high increase of kaolin
content in the hydrogels led to high crosslinking
density and filled up the polymeric network of the
hydrogels with kaolin physically, which was harmful
to the adsorption of MB (Shi et al. 2013; Zhu et al.
2014).

Figure 6b, d depicts the effect of sepia ink content
on the adsorption capacities of the prepared hydrogels
for MB. It can be seen that the sepia ink content is an
important factor affecting the MB adsorption capacity
of the prepared hydrogels. For hydrogels PPCH-5,
PPCH-3, PPCH-6 and PPCH-7, their sepia ink contents
were 0, 20, 40 and 60%, respectively. As shown in
Fig. 6b, after the initial adsorption phase, the Q, values
of PPCH-5, PPCH-3, PPCH-6 and PPCH-7 were
122.70, 142.21, 128.94 and 107.22 mg/g, respectively;
however, at absorption equilibrium, the Q, values of
PPCH-5, PPCH-3, PPCH-6 and PPCH-7 reached
146.73,151.59, 145.55 and 149.04 mg/g, respectively,
and the removal efficiency of MB reached 90.19,
93.78, 89.32 and 92.26%, respectively, as shown in
Fig. 6d, suggesting the adequate content of sepia ink in
hydrogels was 20%. Our previous study also confirmed
the positive effect of sepia ink on MB adsorption of
PPC hydrogels because of the functional groups in
sepia ink including COO—, N-H and O-H (Dai and
Huang 2016). However, similar to kaolin, the sepia ink
also exhibited an opposite effect on MB adsorption at
high content in the hydrogels. This phenomenon may
be attributed to the excessive accumulation of sepia ink
on the surface or inside of the prepared hydrogels,
resulting in a low swelling ratio and high crosslinking
density (Pourjavadi et al. 2007).

The pseudo-first-order kinetic and the pseudo-
second-order kinetic models were most commonly
used to investigate the rate constant and analyze the
mechanism of the adsorption process. These two
kinetic models can be expressed in linear form as
follows (Dai and Huang 2016):

k
LOg (Qe - Qt) = LOg Qe - % (6)
t 1 1
L = 7
0 koo )

where Q. (mg/g) and Q, (mg/g) are the MB adsorption
capacities of the prepared hydrogels at equilibrium
and any time (h), respectively. k; (hfl) and k, (mg/
g h™") are the rate constants of the pseudo-first-order
kinetic and pseudo-second-order kinetic models,
respectively. The fitted curves of the pseudo-first-
order and pseudo-second-order kinetic models are
shown in the sub figures of Fig. 6a, b. The kinetic
parameters including correlation coefficients (Rz), ky,
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d) of hydrogels on MB adsorption kinetic curves, equilibrium
adsorption capacity and removal efficiency (sub figures in a and
b indicate the comparison of pseudo-first-order kinetic and

k; and calculated Q. values (Q c.1) can be obtained by
linear regression based on the experimental data, as
shown in Table 3. For all the prepared hydrogels, the
R? obtained from the pseudo-second-order kinetic
model was larger than 0.99, indicating a good fit of the
model with the experimental data sets. In addition, the
Qe ca1 from the pseudo-first-order kinetic model failed
to predicate the experimental equilibrium amount of
absorbed MB (Qccxp), While the Q.o from the
pseudo-second-order kinetic model agreed well with
the Qcexp, further suggesting that the adsorption
process followed the pseudo-second-order model
rather than pseudo-first-order model and the MB
adsorption of the prepared hydrogels was controlled
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by the chemisorption behavior, including the likely ion
exchange and m—m stacking interaction between
cation groups of the dye and functional groups
(mainly —COOH, —-NH and —OH) of the biomass
surface (Chen et al. 2015; Dai and Huang 2016).
Figure 7 depicts the color change of the hydrogel and
MB solution after the completion of adsorption and
describes the MB adsorption behaviors of the
prepared hydrogels. The adsorption capacity of the
prepared hydrogels for MB was compared with the
other reported natural polymer-based adsorbents
listed in Table 4. It could be concluded that the
prepared hydrogels possessed a higher MB adsorp-
tion capacity (153.85 mg/g) than other reported
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Table 3 Kinetic parameters of the pseudo-first-order kinetic and pseudo-second-order kinetic models for MB adsorption of the
prepared hydrogels

Hydrogels Qe exp (Mglg) Pseudo-first-order kinetic Pseudo-second-order kinetic

R Qe cal (ng/g) ki (0™ R? Qe car (g/g) k> (mg/g h™")
PPCH-1 144.86 0.9777 54.93 0.0190 0.9983 144.30 4.80 x 1073
PPCH-2 153.85 0.9546 28.87 0.0196 0.9994 153.14 426 x 1073
PPCH-3 151.59 0.9303 18.14 0.0149 0.9996 149.93 445 x 1073
PPCH-4 148.99 0.9811 94.68 0.0228 0.9945 154.56 419 x 1073
PPCH-5 146.73 0.9550 69.74 0.0260 0.9983 149.93 445 x 1073
PPCH-6 145.55 0.9148 40.81 0.0166 0.9992 142.65 491 x 1073
PPCH-7 149.04 0.9771 99.03 0.0248 0.9938 156.50 4.08 x 1073
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Fig. 7 Changes in color of the hydrogels prepared with and without the addition of sepia ink (PPCH-7 and PPCH-8, respectively) and
MB solution after the completion of adsorption and the scheme to describe the MB adsorption behavior of the prepared hydrogels

natural-polymer-based adsorbents. Hence, the pre-
pared hydrogels are potential efficient adsorbents for
removal of MB with environmentally friendly and
economically cost-effective merits.

Conclusion

Novel composite hydrogels were prepared by grafting
acrylic acid onto pineapple peel cellulose and
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Table 4 Comparison of the adsorption capacities between the prepared hydrogels and other natural polymer-based adsorbents for

MB
Natural polymer-based adsorbents Maximum adsorption References

capacity (mg/g)
Starch-humic acid composite hydrogel beads 110 Chen et al. (2015)
Unmodified cellulose 50 Yan et al. (2011)
Carboxymethyl-B-cyclodextrin/Fe;0, nanoparticles 140.8 Badruddoza et al. (2010)
B-Cyclodextrin polymer crosslinked by citric acid 105 Zhao et al. (2009)
Modified gum arabic hydrogels 48 Paulino et al. (2006)
Cellulose/poly(N-isopropylacrylamide) hydrogels 2.8 Wang et al. (2013a, b)
Magnetic chitosan/graphene oxide composites 132.6 Fan et al. (2012)
Alginate-graft-poly(methyl methacrylate) beads 5.25 Salisu et al. (2015)
Magnetic carboxymethyl starch/poly(vinyl alcohol) composite gel 23.53 Gong et al. (2015)
Modified pineapple peel cellulose hydrogels embedded with sepia ink® 138.25 Dai and Huang (2016)
Pineapple peel cellulose-g-acrylic acid/kaolin/sepia ink hydrogelsb 153.85 This work

* Reported in our previous studies (Dai and Huang 2016)
® PPCH-2, containing 10% kaolin and 20% sepia ink

additions of kaolin or sepia ink. Successful grafting of
acrylic acid was confirmed by FTIR. The homoge-
neous insertion of kaolin and sepia ink was also
confirmed by SEM and XRD. The results of TGA,
DTG and DSC analysis showed sepia ink and kaolin
had a positive effect on improving the thermal stability
of the prepared hydrogels. Swelling studies of the
prepared hydrogels indicated that sepia ink and kaolin
affected the swelling ratio and the pH-responsive
characteristic. The MB adsorption capacity of the
hydrogels was influenced by the contents of kaolin and
sepia ink. The pseudo-second-order kinetic model fit
well with the experimental results, indicating the
adsorption was a chemisorption behavior.
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