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KEYWORDS Abstract A new and green engineered biocomposite was synthesized by sol-gel method, using dif-
Functionalized cellulose; ferent loadings of the Preyssler heterpolyacid (8, 15, 25, 40 and 50 wt%) on the functionalized
Preyssler heteropolyaid; microcrystaline cellulose surface. For the first time, this two-component polymeric biocomposite
Pd nanoparticles; used for in-situ catalytic synthesis of Pd nanoparticles with the aim of producing tricomponent
Bio-composite; nanobiocomposites. Preyssler loading on the functionalized surface, controled the size and shape
Catalyst of Pd nanoparticles, time, and pH of their formation. All biocomposites and nanobiocomposites

were characterised by FTIR, XRD, BET, TGA, SEM, EDS and TEM. The SEM analysis for
two component polymeric biocomposites confirmed the presence of the Preyssler on the surface
of functionalized cellulose. The formation of Pd nanoparticles on the surface, was observed by color
changing (yellow to deep brown) and confirmed by UV-visible spectroscopy. The Pd nanoparticles
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formation was fast (2-4 min) for 8 wt% in pH = 2-3 at 80 °C. TEM analysis illustrated the spher-
ical Pd nanoparticles with a size of 5-20 nm, at the lowest loading of Preyssler, and rod shapes with
a size of 30-40 nm at the highest loading. The obtained nanobiocomposite exhibited high catalytic
activity for the decolourisation of tartrazine, as a model of dyes pollutant in the industry with high
degradation efficiency. The catalytic reactions were extended with other azo dyes including methyl

orange and rodamine B.

© 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Engineered and functionalized biopolymers have gained much
attention for their numerous applications, with improvement
of various types of products and commercialization of prod-
ucts. In addition, due to their properties and high potentials,
these novel materials have become highlighted worldwide.

For this reason, in the world of green chemistry, bio-based
polymers have attracted much attention from researchers in a
wide range of fields because of their eco-friendliness, non-
toxicity, biodegradability, cost effectiveness and renewability.
Along this line, the synergic combination of green and eco-
friendly organic and inorganic polymers produces novel
hybrids with unique improved properties, such as stiffness,
permeability, crystallinity and thermal stability, high exchange
capacity and selectivity (Wight and Davis, 2002; Hoffmann
et al., 2006; Sanchez et al., 2011). Using biopolymers in these
organic/inorganic hybrids leads to the improvement of their
stability and mechanical properties as well as their biodegrad-
ability. In this regard, the application of cellulose, as a green
biopolymer and organic polymeric material for the fabrication
of biocomposites, is a rapidly emerging area and the subject of
scientific attention (Nabi and Naushad, 2008; Viswanathan
and Meenakshi, 2010). The microcrystalline cellulose is an
especially attractive organic biopolymer because of its poten-
tial advantages such as low cost, renewability, biodegradabil-
ity, good mechanical properties, availability, simple chemical
modification and capacity to bind with inorganic materials
(Mishra et al., 2009; Liang et al., 2010). Using cellulose as a
matrix for the heteropolyacids as green and eco-friendly inor-
ganic polymers, eventually leading to the synthesis of green
composites.

Solid heteropolyacids (HPAs) are a well-known class of
green polymeric materials with respect to their non-
corrosiveness, safety, quantity of waste and separability. They
are composed of the early transition metal cations, M (most
commonly W, Mo and V) and a central heteroatom, X (Si,
P, Ge, etc.) (Ganapathy et al., 2002). HPAs, with unique prop-
erties have been widely used as environmentally homogeneous
and heterogeneous catalysts due to their stability and nontox-
icity characteristics (Khadempir et al., 2015; Khadempir et al.,
2016; Bamoharram et al., 2014; Ayati et al., 2016b; Ayati et al.,
2014; Ayati et al., 2015). They catalyse the reactions as surface
type, bulk type I, and bulk type II. A literature survey shows
that considerable recent research interests have been focused
on the development of novel organic—inorganic composites
of HPAs and their applications in different reactions
(Tripathi and Shahi, 2011; Ayati et al., 2016a). They are also
able to be used as heterogeneous surface catalysts, energy sup-
plier, and biodiesel production (Zhang et al., 2016; Ren et al.,

2015; Genovese and Lian, 2015). Preyssler acid is a type of
HPA that involves a cyclic assembly of five PW¢O,, units, each
derived from the spherical Keggin anion, [PW,040]°~, by the
removal of two sets of three corner-sharing WOy octahedron.
This structure consists of five PO, tetrahedron surrounded by
30 WOy, connected to each other by edge and corner-sharing
oxygens (Bamoharram et al., 2006). The objective of this work
is designing of an organic-inorganic polymeric biocomposite
including functionalized microcrystalline cellulose (FC) and
Preyssler heteropolyacid for the in-situ catalytic preparation
of Pd nanoparticles (PdNPs) on the surface to the formation
of nanobiocomposite as surface heterogeneous catalysts. Sup-
ported Pd heterogeneous catalysts as well as other organic and
inorganic supports loaded with nanoparticles have been
attracted great attention in various fields of chemistry due to
their  high potential for economic considerations
(Opanasenko et al., 2014, Cheng et al., 2013, Lu et al., 2013,
Li et al., 2012, Chang et al., 2012, Liu et al., 2012). One of
the methods for preparing supported Pd catalysts are coordi-
nating Pd with pregrafted functional groups on the surface
of support (Sheldon and Van Bekkum, 2007). The used sup-
ports so far are including carbon materials, metal oxides, por-
ous silicate, molecular sieves, silica materials, synthetic
polymers, and biopolymers, especially cellulose (Polshettiwar
and Molnar, 2007; Djakovitch and Koehler, 2001;
Klingelhofer et al., 1997; Guibal, 2005). The extensive applica-
tions of cellulose-based functional materials in various fields
were investigated by many researchers (Li et al., 2018).

Most progress was made on the fields of biological applica-
tions, water treatment, sensors, and reinforcing agents with
only a few reports on energy storage materials and Pickering
emulsion stabilizer. Recently, several papers have described
the immobilization of Pd on the surface of nanocellulose using
different strategies and precursors to obtain cellulose-based
functional materials and studied their catalytic activity
(Rezayat et al., 2014; Zhou et al., 2012; Wu et al., 2013; Li
et al., 2017; Zhang et al., 2018). In addition, Peipei Zhou
et al. investigated the preparation of the targeted Pd/Bacteria
cellulose with higher Pd loading and studied its applicability
in Heck reaction as catalyst (Zhou et al., 2012).

Zeyneb Jebali and coworkers used cationic cellulose
nanofibrils as a support for the growth and the immobilization
of Pd NPs and tested it as a catalyst for the Suzuki coupling
reactions (Jebali et al., 2018). Facile synthesis of palladium
and gold nanoparticles by using dialdehyde nanocellulose as
template and reducing agent was reported by Kaitao and co-
workers (Zhang et al., 2018). Moreover, Hiroaki Ito et al. pre-
pared oxidation-treated nano-sized fibrillated cellulose/AgNPs
nanobiocomposite and investigated their mechanical and func-
tional properties (Ito et al., 2018).
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We found that the synthesis of nanostructures using
biopolymers assisted by Preyssler acid has been unexplored,
which is a good reason for conducting the present research.
In continuation of our earlier researchs on the applications
of Preyssler acid in the synthesis of nanostructures (Ayati
etal., 2012; Tanhaei et al., 2017), it was valuable to us to inves-
tigate the role of Preyssler in combination with cellulose
biopolymer to the formation of green nanobiocomposites as
an effective bifunctional heterogeneous catalyst. A few reports
have described the green synthesis of carboxymethyl cellulose-
supported Pd nanoparticles by the direct reduction of palla-
dium species with carboxymethyl cellulose as a green reductant
(Wu et al., 2013; Chen et al., 2014). In one reaction, the cellu-
lose nanocrystal-supported Pd nanoparticles were synthesized
for a long time (12 h) at a high temperature (100 °C) (Wu
et al., 2013). In another reaction, the cellulose microencapsu-
lated Pd NPs were synthesised in a cellulosic ionic liquid sol-
vent (Chen et al., 2014). Therefore, regarding the great
success of cellulose as support for heterogeneous catalyisis,
(Rajender Reddy et al., 2006; Cirtiu et al., 2011; Xu et al.,
2008; Yang et al., 2011; Klemm et al., 2005) catalytic activity
of NPs/cellulose composites (Zhou et al., 2012; Zhang et al.,
2018; Bhardwaj and Paul, 2016) and our interest in developing
catalytic activity of supported- Preyssler heteropolyacid, the
main goal for this work is synthesis and characterization of
functionalized cellulose-Preyssler (FCP) as a green and reac-
tive polymeric matrix for selective, fast and in-situ catalytic
preparation of Pd nanostrucures (FCP/Pd). Moreever, in order
to study the synergistic effect of cellulose, Preyssler and the
prepared PANPs on the surface, the decolourisation of azo
dyes performed as a test reaction to estimate the catalytic
activity of them. Interestingly FCP/Pd showed higher catalytic
activity rather than each of FC and FCP alone. This observa-
tion indicates that this catalytic activity can be extended to the
other azo dyes as well as other catalytic reactions. To the best
of our knowledge, this is the first time that Preyssler is immo-
bilized on the FC and used for in-situ catalytic synthesis of
PdNPs on its surface, for obtaining a tricomponent nanobio-
composite to use as green, recyclable and new nano catalyst
for decolorization of azo dyes.

2. Materials and methods

2.1. Materials

Preyssler heteropolyacid was prepared by passage of a solution
of the potassium salt in water through a column (50 cm™") of
Dowex resin in the H" form and evaporation of the elute to
dryness under vacuum (Bamoharram et al., 2006). Microcrys-
talline cellulose (Cotton linters powder), ethanol (99.5% w/w),
concentrated nitric acid (65% w/w); ammonia aqueous solu-
tion (25% w/w), tetracthyl orthosilicate (98% w/w), 3-
aminopropyltriethoxysilane (95% w/w), azo dyes and palla-
dium chloride (purity 99%) were purchased from Sigma-—
Aldrich Company and used as received.

2.2. Methods
2.2.1. Preparation methods

2.2.1.1. Synthesis of functionalized cellulose-Preyssler biocom-
posites (FCP). An aqueous solution contained of tetraethyl

orthosilicate (37.5mL), 3-aminopropyltriethoxysilane
(1.55mL) and ethanol (20.5mL) was acidified with a few
drops of concentrated nitric acid and then nitric acid
(800 pL) was added again. After 50 min of stirring, dilute
ammonia was added in small portions, stirred for more
15 min, followed by the gradual addition of microcrystalline
cellulose (1.5 gr) and left to stir for a short time. Then, a solu-
tion of Preyssler HPA in different amounts including 8, 15, 25,
40 and 50 wt% was added and the suspension was allowed to
stir for 15 min. The obtained white solid was separated using
centrifugation at 4000 rpm for 20 min, washed several times
with water and dried at 60 °C.

2.2.1.2. Synthesis of FCP/Pd NPs nanobiocomposites. For a
typical synthesis of PdNPs, 10mL of PdCl, solution
(1.5 mM) and FCP (1.0 wt% in 10 mL H,0), as a catalyst,
were stirred and sodium hydroxide was dropwise added into
the reaction mixture to adjust the pH. Then, the mixture was
heated in a water batch until 70-80 °C. PANPs were synthe-
sised at pH = 2-6 within 2-20 min. At equal time intervals,
the solutions were analysed by a UV-Vis spectrophotometer
to follow the synthesis processes.

2.2.1.3. Catalytic activity study. Typically, 15 mg of catalyst
(FCP/Pd NPs with 8 wt% Preyssler loading) were added to
the test tubes containing 10 mL of tartrazine solution
(20 mg/L) and Preyssler acid (6 mM) and stirred on a shaker.
At given time intervals, all of the mixtures were immediately
filtered by using syringe filters and the tartrazine concentration
of the filtrate was analysed by a UV-Vis spectrophotometer at
Amax = 420 nm.

2.3. Characterization

Infrared absorption spectra were recorded on a VERTEX-70
infrared spectrometer in KBr pellets using the ATR method.
The phase components and crystallinity of composites were
examined by their X-ray diffraction data which were collected
using a PANalytical Empyrean powder diffractometer by Cu-
Ko radiation. Data were collected by the step counting method
in the 2 tetha range of 10—450. Circular pellets were prepared
for analysis by pressing the samples at 50 MPa during 2 min.
The morphology and size of nanoparticles were obtained by
transmission electron microscope (Hitachi HT7700 instru-
ment). For TEM analysis, one drop of the metal nanobiocom-
posite suspension was gently placed on a carbon-coated Cu
grid, hydrophilized via plasma discharge, and dried at room
temperature. The Hitachi SU3500 scanning electron micro-
scope at 25 kV, using gold coated samples was used for the
analysis of surface morphology of prepared composites. The
instrument was equipped with the EDX model of Thermo Sci-
entific UltraDry SDD (dual detector) for elemental analysis
determination. Specific surface area and pore size distributions
(BET analysis) were determined through nitrogen (N,) adsorp-
tion—desorption approach using Micromeritics Tristar I plus
instrument at 77.35 K in the relative pressure (P/Py) range of
10-6-1. Barret, Joyner and Halenda (BJH) method was used
for the calculation of pore volume distribution. Thermogravi-
metric (TGA) analysis was carried out under nitrogen atmo-
sphere in the temperature range of 20-800 °C and heating
rate of 5°Cmin~' using a Netzsch Thermo-Microbalance
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TG 209 F1 Iris. Moreover, a JASCO V-670 UV-vis spec-
trophotometer (Japan) was employed to study the PANPs for-
mation and also the concentration measurement of tartrazine
azo dye.

3. Results and discussion

The combination of cellulose with inorganic polymers and
metal NPs to design multifunctional nanobiocomposites is an
interesting approach to extend the applications of these mate-
rials. This combination is an important but less exploited strat-
egy to prepare multifunctional nanobiocomposites.
Nowadays, the preparation of multifunctional nanobiocom-
posites have been performed in several ways to improve the
performance of nanobiocomposites (Pinto et al., 2012;
Azetsu et al., 2011; Liu et al., 2011; Zou et al., 2012; Irvin
et al., 2019; Yu et al., 2016; Fortunati et al., 2012a,b). These
methods require harsh or complicated conditions, long reac-
tion times, hard work-up procedures and lead to wastes and

high cost. Compared to the literature, we have developed an
alternative and simple procedure for the surface synthesis of
a new and green nanobioocomposite, cellulose/Preyssler/
PdNPs, as an eco-friendly, inexpensive and efficient catalyst
in water treatment. High yields, short reaction times, simplicity
of operation and easy work-up procedure are some advantages
of this protocol.

3.1. Characterisation of FCP in different loadings of Preyssler

The green biocomposites FCP, were synthesised by cellulose
biopolymer containing silica modified with propylamino
groups and Preyssler HPA. The protonated amino groups on
the surface of silica-functionalized cellulose (SFC) can easily
interact with Preyssler acid through an electrostatic interaction
to prepare green and novel organic/inorganic biocomposite.
Different amounts of Preyssler were added to the aqueous
SFC including 8%, 15%, 25%, 40% and 50%. By several
washings of the synthesized biocomposites, less than 2-3%
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Fig. 2 X-ray patterns of (a) cellulose and (b) FCP.
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of the Preyssler was extracted into the solvent. The prepared
biocomposites of FCP were characterised by FTIR, XRD,
BET, TGA, SEM and EDS analysis. The FTIR spectra of cel-
lulose, Preyssler and FCP are presented in Fig. 1. The results
revealed that the peaks of Preyssler acid appeared in the spec-
trum of FCP compared to that of raw cellulose, but the spectra
of biocomposites FCP with different loadings of Preyssler were
nearly identical to each other and no differences were observed
due to the different loadings. The FTIR spectrum of cellulose
(Fig. la) presents several characteristic bands, due to the
C—0O—C and C—O—H stretching vibrations in the range of
400-1400 cm .

In the spectrum of FCP (Fig. 1b), an additional band
appeared at 788 cm™! assigned to (Si—O—Si). The band
expected at about 1080 cm ™! (Si—O—Si) was overlapped with
the bands of cellulose in the same spectral region. In addition,
the sharp band at 1480 cm™' is due to nitrate anions. On the

P % 3
| S 5 ot R b [ B PR R

20.0pm

ol . N
LUT 10.0kV X2.00k UVD 30Pa 20.0pm

other hand, most of the absorption bands of Preyssler HPA
were masked by modified cellulose matrix in 600-1200 cm ™.
Preyssler’s structure gives rise to four types of oxygen that
are responsible for the fingerprint bands of the Preyssler anion
between 1200 and 600 cm™'. The characteristic bands of the
Preyssler structure, [NaPsW3,0,10]'*~ are three bands due to
P-O stretching at 1163 cm™", 1079 cm ™', and 1022 em™!, two
bands attributed to W-O-W at 941 cm™' and 913 cm™', a band
at 757 cm ™! corresponding to W = O and a band at 536 cm ™!
due to P-O bending. These bands can shift, weaken,
strengthen, or mask in different conditions. In Fig. 1b, com-
pared with the initial Preyssler’s structure (Fig. 1¢), the bands
arising from the synthesized biocomposite changed obviously
either in intensity or in position. Our findings showed that
many of the vibrational bands of Preyssler have blue or red
shifted and many of them have masked with cellulose and sil-
ica. This means that many of the bonds were strengthened and

2l01|)u|l'n ‘

LUT 10.0kV X2.00k UVD 30Pa

LUT 10.0kV X2.00k UVD 30Pa

Fig.3 SEM images of FCP in different loadings of Preyssler: (a) micro crystalline cellulose, (b) 8%, (c) 15%, (d) 25%, (e) 40%, (f) 50%.
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to the PO, tetrahedrons vibrate almost independently from

the rest of the anion, the significant blue shift of 18 cm™' in

the W-O-W vibrational mode suggests that Preyssler interacts

strongly with the modified surface and binds to it by the oxy-

gen atoms in the W-O-W positions. These observations indi-

cate that an interaction between Preyssler’s anion and

support mostly caused the distortion of anion and thus sub-

stantially not only weakened the IR vibrations covered up by

the background, but also caused some displacements in some

bands. XRD analysis of cellulose and FCP are shown in the

Fig. 2. The X-ray diffractograms show the reflections around

20 = 18° and 26° related to the 101 and 002 faces, assigned

\gx; to the cellulose. X-ray patterns in Fig. 2b shows FCP presented
the non-resolved reflections from the 101 planes around 18°

P Wi and theA reflection from the 002 plane at about 2.6". It means,
NaKo Ko WU Wle wip v the basic structure of cellulose was preserved in the hybrid
0 ) 46 polymers. The peaks of FCP in Fig. 2b are weaker than the ini-
tial cellulose, due to the introduction of Preyssler heteropoly-

Fig. 4  EDS elemental mapping images for FCP. acid into the structure of amine-functionalized cellulose. It is
suggested that after modification by reagents with different

amine groups on the surface, the functionalized cellulose

the others were weakened. As it can be seen, there is a signif- may has a lower steric hindrance and this resulted in a higher
icant shift in the W-O-W vibrations from 941 to 959 cm™~! and loading content of Preyssler and more decrease in characteris-
the P-O bands are overlapped by that of cellulose and silica tic peaks of cellulose. In fact, such behaviour is expected for
materials. The characteristic band in 913 cm ™" is unchanged, the heteropolyacids when immobilized on different supports.
but the W = O band along with the P-O bending bands are The surface morphology of FCP biocomposites with different
overlapped by that of functionalised cellulose. With respect Preyssler loadings were examined by SEM analysis and their
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Table 1 BET results for FCP with different loadings of Preyssler.

Loading of Preyssler on functionalized cellulose (wt%)

8 15 25 40 50
BET surface area 237909 m*/g 175488 m’/g  5.2393m’/g  19144m’/g  0.5342m’/g
Pore size — BJH Adsorption average pore width (4 V/A) 136.308 A 139.785 A 208.575 A 465.422 A 600.379 A
Pore size — BJH Desorption average pore width (4 V/A) 135.908 A 140.996 A 201.546 A 368.134 A 434755 A
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Fig.5 Thermogravimetric curves of (a) initial cellulose, and FCP with the Preyssler loadings of b) 8%, (c) 15%, (d) 25%, (e) 40% and (f)
50%.
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images are shown in Fig. 3. As can be seen in these Figures,
obviously they show the coating of Preyssler on the surface
of functionalized cellulose, in which the roughness of surface
was reduced in the higher loading of Preyssler.

The EDS analysis confirmed the presence of C, O, N and Si
in FCP as well as the presence of P, Na and W attributed to the
presence of Preyssler HPA (Fig. 4). Both the SEM and EDS
analyses demonstrated the highly surface coverage of cellulose
with Preyssler, although some regions might be only partially
coated with modified silica. The elemental composition of W
in the FCP with different loading of Preyssler was 27.3% for
the lowest loading and increased to 52.3% for the highest load-
ing. On the other hand, the BET analysis was performed for
FCP with different loadings of Preyssler acid. The results are
summarized in Table 1 which show that the surface area of
biocomposites decreases by the addition of Preyssler loading,
which might be due to more pores being blocked.

The TGA results for biocomposite FCP with different load-
ings of Preyssler are shown in Fig. 5. Interestingly, compared
to microcrystalline cellulose, thermal decomposition is varied
with the loading of the Preyssler. Thermal decomposition of
cellulose typically leads to a solid residue (char), high boiling
volatiles (tar) and gaseous products. These pathways are
including the dehydration of cellulose to anhydrocellulose,
which further decomposes to gases and char, or the depoly-
merisation of cellulose at somewhat high temperatures produc-
ing tar (mainly levoglucosan), and combustible gases. The
additives strongly modify the decomposition process of cellu-
lose, enhancing the char and reducing tar formation. In this
work, the addition of Preyssler to cellulose shifts the whole
process dehydration and depolymerisation to a lower temper-
ature. The fact that levoglucosan was not well detected in the
high boiling products, could be explained by the presence of
the Preyssler interfering with depolymerisation. The ther-
mogeravimetric curves of FCP with different Preyssler load-

ings have almost the same trend and show 3 steps for losing
the weight. The first step is attributed to moisture release at
about 122 °C (2.5%). The second step starts at 126-300 °C
and is related to the decomposition of the amino sections
and nitrate anions (10%). In the third step in the range of
300-800 °C, the 25-30% weight loss is due to cellulose decay.
From the thermograms, it is suggested that the weight decay of
cellulose in all biocomposites is nearly the same.

3.2. In-situ catalytic synthesis and characterisation of PANSs in
the presence of FCP to prepare the green nanobiocomposites

The prepared FCP has been checked, as a promising green cat-
alyst, with a different loading of Preyssler for the preparation
of PANPs. The formation of PANPs on the surface of FCP was
observed by colour change from yellow to deep brown in solu-
tion, and confirmed by UV-visible spectroscopy step by step.
The visual colour changed from yellow to deep brown and
was observed in the presence of FCP with keeping the initial
concentration of PdCl, constant at 1.5 mM. Interestingly, the
speed and pH of the formation for PANPs were varied as a
function of increasing Preyssler loading in FCP. The PdNPs
formation was very fast (2—4 min) in loading of 8 wt% in the
pH range of 2-3 at 80 °C. Our observations showed that the
colour change of PdCl, solution was started from pH = 2
which indicated the formation of PANPs. During the men-
tioned pH range, suddenly PANPs formed as snowflakes and
solution filled with brown nanoparticles rapidly that were
locally decorated on the surface of FCP to form FCP/Pd
nanobiocomposites. PANPs deposited at the bottom of vessel
and a colourless solution was obtained immediately. Fig. 6
shows the preparation process of nanobiocomposite, step by
step. These observations were different at the higher loading
of Preyssler. For higher loadings PANPs were formed in longer
times and different pH. Also the time of nanobiocomposite

Fig. 7 Catalytic formation of PANPs in the presence of FCP with other Preyssler loadings.
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Table 2 The formation conditions of nanobiocomposites in
the presence of FCP.

deposition increased to several hours. The formation of FCP/
PdNPs in the presence of FCP at higher loadings is illustrated
in Fig. 7 and their conditions are presented in Table 2.

Entry Preyssler loading (%) Time (min) pH In a blank reaction, the formation of PANPs was checked in
1 8 24 23 the presence of the FC without Preyssler loading and no for-
2 15 10 1.3-4 mation of nanostructures was observed. It demonstrates the
3 25 10 2=5 reductant role of Preyssler catalyst in the biocomposite FCP.
4 40 15 2-5.7 All these results suggest that Preyssler acts simultaneously as
S 50 20 1-5.5 a linker and reductant catalyst in the presence of biocomposite
& 2
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with 8 wt% loading (Fig. 6), while it serves as linker, reduc-
tant, and stabilizer in higher loadings. A probable explanation
for this behaviour may be attributed to the leaching of Prey-
ssler in higher loadings, which can lead to releasing the Prey-
ssler in the solution and stabilizing of the non-decorated
PdNPs. This phenomenon strongly inhibited the deposition
of PANPs on the surface of the FCP biocomposite. This is a
common occurrence in the polyoxometalate catalysis when
immobilized on different supports.

In a systematic study, the process of PANPs synthesis was
checked by UV-vis spectroscopy. Fig. 8 shows the Uv-vis
spectra of PANPs formation as a function of pH. The absorp-
tion band at 428 nm is related to the charge transfer transition
between Pd(II) and chloride ions. The disappearance of this
absorption band along with a visual colour change confirmed
the reduction of the Pd (II) ions to Pd(0).

Pd(I1) could reduce completely in the presence of biocom-
posite FCP with the loading of 8% and a brown nanobiocom-
posite formed at the bottom of vessel rapidly. The supercant

was completely clear in just 4 min (as can be seen in Fig. 0).
Increasing the Preyssler loadings further to 50% resulted in
longer times to the formation of PdNPs up to approx.
30 min. As can be seen, the formation depends on the loading
of Preyssler and the pH of the solution. The Preyssler anion
provides highly distributed charged surfaces, which is ideal
for binding the metal ions from their aqueous precursor solu-
tions. The higher Pd NPs loading in the 8% is related to an
increased number of sites for binding Pd(II) ions.

FTIR of the prepared novel nanobiocomposites FCP/
PdNPs with different loadings of Preyssler were identical to
each other as well as FCP as shown in Fig. 1.

Furthermore, the morphologies of the synthesised nanobio-
composites were checked by SEM equipped with EDS. Fig. 9
shows the SEM micrographs of the FCP/Pd nanobiocompos-
ites with different loadings of Preyssler. These images show
the PANPs are cloudy and spherical at the low Preyssler load-
ings, whereas they changed to rod shaped by increasing the
loading of Preyssler. In addition, the SEM images clearly indi-
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cate that the formation of nanorods starts in the presence of
25 wt% Preyssler and gradually increased until 50 wt% Prey-
ssler loading.

In addition, the EDS analysis of nanobiocomposites
showed that C, O, Si, N, W, P, Na and Pd atoms are present
in the structure (Fig. 10). Interestingly, wt. % of PdNPs was
varied in the range of 3.5-27% with different loadings of Prey-
ssler on the surface of functionalized cellulose.

On the other hand, the formation of PANPs on the surface
of FCP was further characteriszed by TEM. Fig. 11 shows the
TEM images of the synthesized nanobiocomposites including
PdNPs and interestingly confirmed the obtained results from
SEM observations (Fig. 9). As can be seen, the PANPs are
spherical in shape at the lowest loading of Preyssler with a size
of approx. 5, 15, and 20 nm for 8%, 15%, and 25% loading,
respectively. As the loading of Preyssler was gradually
increased, a change in morphology was observed from spheri-
cal to rod shapes with a size of 30 and 40 nm for 40% and 50%
loading. Thus, it is concluded that the sizes and morphologies
of PANPs depend markedly on the amount of loaded Preyssler
catalyst on the surface of the functionalized cellulose. It can be
suggested that the large interaction of Preyssler with function-
alized cellulose could cause robust immobilization on cellulose
with high surface density.

In addition, their strong binding with Pd metal could
enable it to be an efficient reductant, stabilizer and shape-
directing biocomposite for the synthesis of PANPs with a uni-
form size and shape as well as allowing for the local synthesis
of the PANPs on the surface of FCP with high density, good
dispersion and high stability. At a lower pH, the nucleation
process is faster, resulting in smaller PANPs. The higher con-
tent of nanorods formed at higher pH implies that the forma-
tion of nanorods is a kinetically controlled process (Lim and
Xia, 2011; Cheong et al., 2010). When the growth rate is
low, the atom addition is slower than adatom diffusion. This
allows for the migration of adatoms on the nanocrystal surface
to minimize the total surface energy, leading to the formation

of nanospheres (Lim and Xia, 2011; Wang et al., 2015). How-
ever, when the growth rate increases by increasing the pH of
solution, a faster rate of atomic addition can cause high energy
faces grow more quickly than that of low-energy ones, thus
creating high-surface-energy nanostructures such as nanorods.
However, no one has used Preyssler-cellulose biocomposite for
controlled, shape-directing and surface in-situ synthesis of
PdNPs to the formation of green nanobiocomposites. How-
ever, parameters capable of influencing nanoparticle size may
be different. In wet-chemistry approaches, concentrations in
liquid phase, temperature, and presence or absence of surface
modifiers, are perhaps the most common and known parame-
ters. On the other hand, the synthesis method, controlling the
pH, concentrations and additives can change the grain size.
Reaction time, especially the time for the condensation pro-
cess, power of reducing agents, the use of a capping agent or
surfactant, and type of precursors are also critical.

The time for Pd NPs to precipitate from solution was inves-
tigated. It can be seen from Figs. 6 and 7 and table 2 that time to
precipitate decreased over increasing pH (2-5.7). The data
showed that pH plays a very significant role in size of nanopar-
ticles as well as the loading of them. One of the prominent char-
acteristics of nanoparticles are that they tend to float in solution
and they need much longer time to be precipitated in as much as
the gravitation force exerting them is very small, or even almost
negligible (Baruah and Dutta, 2009). It was hypothesized that
by varying the pH conditions, the loading and size of the par-
ticles obtained would also be varied, and this would affect the
precipitation profile of the Pd nanoparticles. To test above
hypotheses, amount of the loading and size of the particles at
lower and upper pH (pH 2 and pH 5.7) were measured by
TEM. Results showed that the size of nanoparticles at pH 2
and pH 5.7 were 5-20 nm and 30-40 nm, respectively. It is in
agreement with hypotheses above that as pH of the solution
increased, the size of the nanoparticle increased as well.

Surprisingly, an increased surface area was observed when
the surface area of the FCP/Pd nanobiocomposites (Table 3)
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Fig. 11

TEM images of FCP/Pd nanobiocomposites in different Preyssler loadings (a) 8%, (b) 15%, (c) 25%, (d) 40%, (e) 50%.

Table 3 BET results of nanobiocomposites FCP/Pd with different loadings of Preyssler.

Preyssler loading amount (g) 15% 25% 40% 50%
BET surface area (m?/g) . 27.4470 19.2651 17.8993 11.0540 8.2310
Pore size — BJH Adsorption average pore width (4 V/A) (A) 87.597 126.395 127.061 72.984 263.788
Pore size — BJH Desorption average pore width (4 V/A) (A) 89.854 136.839 128.949 73.877 200.362

was compared to that of FCP (Table 1). The increase in the
surface area can be due to the high dispersion of PANPs on
the FCP, but no block on pores.

Moreover, the TGA results of prepared FCP/Pd nanobio-
composites, as shown in Fig. 12, illustrate that the approxi-
mate quantification of cellulose content in all FCP/Pd
nanobiocomposites is about 30-42%. There is no significant
difference between the thermal decomposition of FCP and
FCP/Pd. It is suggested that the dispersion of PANPs as well
as the presence of Preyssler shifts the whole dehydration pro-
cess and depolymerization to a lower temperature.

3.3. Catalytic removal of tartrazine dye using nanobiocomposites
FCP/Pd

Tartrazine, which is an anionic azo dye, has been chosen for
this study due to its extensively use in the food, drugs and cos-
metics industries (Tanaka, 2006), as a colouring agent. It has
high stability against biodegradation and conventional
wastewater treatment procedures and causes more allergic
and intolerance reactions than other azo dyes. It also has high
solubility in water and most people are extremely sensitive to
tartrazine, as it can cause breathing difficulties, asthma, urti-
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decolourisation in the presence of FCP/PANPs as rod shape.

caria and angioedema (Modirshahla et al., 2007). Thus, it is
crucial for tartrazine azo dye to be treated before being
released into the environment. Several approaches have been
demonstrated for tartrazine removal of degradation, such as
ozonation, electrochemical oxidation, photo Fenton oxidation,
UV/HO, photolytic, photocatalytic oxidation, adsorption and
biological treatments (Shu and Huang, 1995; Jain et al., 2003;
Oancea and Meltzer, 2013; Dos Santos et al., 2014; Darwish
et al., 2016). To the best of our knowledge the decolourisation
of tartrazine at room temperature has been largely overlooked
and has never been studied using functionalized cellulose-
Preyssler-PdNPs as green nanobiocomposites. The decolouri-
sation of tartrazine at room temperature, performed as a test
reaction to estimate the catalytic activity of the FCP/PdNPs
and the processes were checked by UV—vis analysis in several
time intervals. The degradation efficiency (%) of tartrazine
was calculated by the following equation:

Degradation (%) = (Cy — C)/Cyp x 100 (1)

where Cy (mg/L) is the initial concentration and C (mg/L) is
the concentration of tartrazine at reaction time. Also for fur-
ther studies we have investigated the application of the catalyst
for decolorization of two other azo dyes. Our findings showed
that this catalyst is very active for decolorization of methyl
orange (MeO) and Rodamine B (RB) as well as tartazine.
Figs. 13-15 show typical time-dependent UV—Vis spectrum
of these dyes during treating with the catalysts in spherical
and rod shapes of PdNSs. The rate of decolorization was
recorded in accordance with the change in the intensity of
absorption peak in visible region.

Fig. 13a and b illustrates, the total absorption of tartrazine
decreased to approx. 70% decolourisation after roughly
25 min in the presence of spherical PANPs and 47.5% using
rod shapes of PANPs for 60 min. As can be seen from this fig-
ure, before reaction (t = 0), the absorption spectrum of tar-
trazine dye was characterized by one band in visible region
which its maximum absorption at 428 nm. This band in the
visible region was associated with the chromophore-
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containing azo linkage. The disappearance of the absorbance
peak at 428 nm with the time was due to the fragmentation
of the azo links by catalyst. The 7 electrons of tartazine can
coordinate with the active site of Pd NPs on the surface, and
adsorbs on the FCP/PdNPs catalyst, and then degradation
occurs on the surface.

The UV-Vis analysis for the decolorization of MeO is
shown in Fig. 14a and b. Almost 98% and 68% decolorization
was observed when experiments were carried out using spher-
ical and rod shapes of PANPs for 30 and 60 min, respectively.
Absorption peak of RB was also diminished, indicating, degra-
dation of the corresponding dye (Fig. 15a and b). In the pres-
ence of spherical and rod shapes of the PANSs, almost 97%
and 86% decolorization was observed for 60 min, respectively.
It is known that many catalytic processes occur at the perime-
ter interface around the nanoparticles where the fraction of
step sites increases significantly with decreasing particle size
(Bratlie et al., 2007). Here, spherical Pd NPs were found to
have degraded azo dyes faster than Pd nano rods. The particles
at connecting interfaces of rods are much less exposed to the
surface resulting in decreased numbers of low coordinated sites
compared to the spherical Pd nanoparticles, which have all
sites exposed as surface and available for coordination of =«

electrons of azo dyes. Also, the larger size of Pd NRds pro-
vides low surface coverage in the reaction mixture, whereas
for Pd NPs their smaller size and homogenous distribution
provides increased numbers of contact sites for the reactant
molecules within the reaction medium.

3.4. Reusability of the catalyst

In the recycling study, this catalyst could be recovered and
reused many times without any loss of catalytic activity. This
result clearly indicates that the catalyst is quite stable and recy-
clable without a significant loss of catalytic activity after 4
cycles (2-3%).

4. Conclusion

In summary, this work provides a simple and fast method for
in-situ catalytic synthesis of Pd nanoparticles on the surface of
the functionalized microcrystalline cellulose/Preyssler HPA to
prepare a green nanobiocomposite as an eco-friendly heteroge-
neous catalyst. The possibility of bringing together inorganic
polymers, nanoparticles and cellulose matrices opens a new
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field for future applications, where the design and engineering
of natural based multifunctional polymers will be privileged.
The most important conclusions are listed below.

e New and green polymeric biocomposites synthesized using
cellulose and Preyssler heteropolyacid.

e Biocomposites produced nanobiocomposites via in-situ cat-
alytic synthesis of Pd nanostructures on the surface.

e Pd nanostructures formed on the biocomposites surface in

spherical and rod shapes.

Fast and locally synthesis of Pd nanoparticles occurred in

2—4 min.

The loading of Preyssler and pH could control the size and

morphology of the decorated Pd nanostructures on the sur-

face as well as their formation speed.

SEM and TEM images showed that by increasing the Prey-

ssler loading from 8§ to 50 wt%, spherical Pd nanostructures

changed to nanorods.

e SEM micrographs showed the PANPs on the surface are

cloudy and spherical at the low Preyssler loadings, and

changed to rod shaped by increasing the Preyssler loading.

TEM images revealed the average size of 5-50 nm for

PdNPs.

e Nanobiocomposites exhibited high surface catalytic activity in
decolorization of tartrazine, methyl orange and rodamine B.

e The nanocatalysts proved to be a recoverable catalyst without
a significant loss of catalytic activity after 4 cycles (2-3%).
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