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ABSTRACT: The present work involves investigating an unex-
plored soft-chemical method for synthesizing nanostructured ZnO
through biopolymer gelation. Our objective was to exploit (i) the
difference in the gelation mechanism of four tested biopolymers,
namely, alginate, chitosan, carboxymethylcellulose (CMC), and
pectin and (ii) numerous experimental parameters that govern this
process in order to allow the control of the growth of
nanostructured ZnO, with a view to using the prepared oxides as
photocatalysts for the oxidation of the Orange G dye. So, the effect
of biopolymer’s nature on the microstructural, morphological, and
textural properties was examined by thermogravimetric analysis
(TGA), X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, field-emission gun-scanning electron mi-
croscopy-high resolution (FEG-SEM) with energy-dispersive spectrometry (SEM-EDS), ultraviolet−visible (UV−vis) spectroscopy,
and N2 adsorption/desorption. As-prepared oxides were crystallized in a hexagonal wurtzite structure, with a clear difference in their
morphologies. The sample prepared by using chitosan has a specific surface area of around 36.8 m2/g in the form of aggregated and
agglomerated nanostructured minirods and thus shows the best photocatalytic performance with 99.3% degradation of the Orange G
dye in 180 min.

■ INTRODUCTION
ZnO is a very promising material offering or giving high-tech
applications and key to the development of Green Technolo-
gies.1 It is one of the few multifunctional materials thanks to its
many interesting physical, chemical, and optoelectronic proper-
ties, which confer it to be a material used in various fields of
applications, such as solar cells,2 gas sensors,3 depollution (water
and air) by photocatalytic effect,4 etc. This oxide has already
found potential industrial applications, such as rubber,5 paints,6

animal feed,7 cosmetics, and pharmaceuticals.8−10 ZnO has very
good thermal and chemical stability, is nontoxic and
biocompatible,11−13 and the raw materials necessary for its
production are abundant.14

Under the effect of light excitation, ZnO helps to accelerate
the oxidation reaction by increasing considerably its advance
rate to lead to a complete mineralization of the organic
contaminants, such as pesticides,15 dyes,16,17 pharmaceutical
compounds,18 volatile organic compounds,19 or even micro-
biological compounds (bacteria, virus, fungi, etc.).20,21 Fur-
thermore, dyes are widely used in various industries, including
textiles and food, but their widespread use has also led to a
growing environmental problem. Dyes can also have negative
impacts on the environment and human health due to their

toxicity and persistent nature.22 The Orange G dye was selected
as one of the widely used dyes in various industries; it can also
cause serious ecological problems, such as water pollution and
the inhibition of the growth of aquatic organisms. By using the
Orange G dye as a model pollutant, researchers can study the
efficacy of various photocatalytic materials and technologies for
the degradation of this pollutant, and the results can be applied
to other similar pollutants in the environment.23,24

Heterogeneous photocatalysis is a very successful strategy for
degrading and mineralizing organic dyes. It has various
advantages, such as high removal efficiency, low cost, and low
power requirements. Besides, this process allows the total
mineralization of emerging contaminants avoiding the release of
secondary pollutants.25,26 The photocatalytic efficiency of ZnO
is mainly related to the synthesis processes,27,28 and among
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other things, its nanostructuring (the size and shape of the
nanoparticles (NPs)).29 It depends essentially on the degree of
perfection of the crystal lattice: vacancies, atoms in interstitial
positions, and antisites (a “Zn” atom involving an “O” lattice site
or vice versa).30 Indeed, the main obstacle for its use in
photocatalysis is its high recombination rate of electron−hole
pairs31 and its high band gap energy (about 3.37 eV).32

Many methods for ZnO NP synthesis have been reported in
wet chemistry, such as the sol−gel method,33 precipitation,34

and hydrothermal method.35 Recently, many applications
needed nanostructured ZnO.9 Cost-effective design synthesis
of ZnO by the deep coating method has also been studied to
reveal the degradation of DO26 under light illumination.36

Besides, ZnO nanocrystals have demonstrated superior
efficiency in degrading Reactive Orange 4 under ultraviolet
(UV)-A light when compared to commercial ZnO and TiO2
(P25).37 By using proper synthesis processes and controlling the
local growth kinetics and temperature as well as the chemical
composition of the starting precursors, including postsynthesis
treatment, a wide range of nanostructured ZnO with different
shapes, sizes, and very different properties can be easily
synthesized.38 However, the synthesis of ZnO NPs remains a
challenge.39

Eco-design and emerging bio-based methods for synthesizing
nanomaterials, especially oxides, represent promising avenues to
overcome the obstacles related to the control of nucleation and
growth, including downstream processing of these materials by
conventional manufacturing methods and then making them
more efficient and cleaner.40 For this reason, several research
studies had been done to synthesize ZnO NPs by using various
sources like bacteria, fungus, algae, plants, biopolymers, and
others.41−47 In this context, our team developed a method
derived from “chimie-douce” based on the ability of certain
biopolymers to gel in the presence of a monovalent (+I),
divalent (+II), trivalent (+III), or tetravalent (+IV) metal. Thus,
we controlled the nucleation and growth of zirconia, ceria, and
titania for catalysis and photocatalysis applications.40,48,49 So,
the present work is a continuation of our strategy undertaken in
recent years to develop eco-friendly approaches to the synthesis
of nanomaterials for various applications. For this purpose, we
compared the gelation process of four polysaccharides, namely,
alginate, carboxymethylcellulose (CMC), pectin, and chitosan,
to be able to control the nucleation and growth of nano-
structured ZnO and then study the influence of the biopolymer
structure on the intrinsic properties of this oxide, especially in
terms of photocatalytic performance, by measuring the photo-
degradation of Orange G. Four ZnO samples were prepared
with Zn2+ cations using the four biopolymers mentioned above.
The prepared xerogels were characterized by thermogravimetric
analysis (TGA) to determine the calcination temperature to
properly crystallize the oxide. A battery of analytical tools was
used to characterize the synthesized samples.

■ MATERIALS AND METHODS
Materials and Apparatus. Nanostructured zinc oxide was

synthesized using zinc chloride (ZnCl2, 98.6%) obtained from
VWR Chemicals. Sodium alginate, chitosan, and CMC were
purchased from Sigma-Aldrich, while pectin powder was
purchased from Acros Organics. Sodium hydroxide (NaOH,
99%) was obtained from VWR Chemicals, and acetic acid
(CH3CO2H, 99.8%) was purchased from Sigma-Aldrich. The
anionic Orange G was obtained from Merck KGaA. All
chemicals were used without further purification.

Characterization.TGAwas conducted under air in a Labsys
Evo apparatus with a 5 °C/min ramp between 25 and 1000 °C.
The structural properties of the prepared zinc oxides were
determined by X-ray diffraction (XRD) on a Rigaku Smart Lab
SE X-ray diffractometer using the Bragg Brentano configuration
in the 2θ range of 25−80° and with Cu Kα radiation (λ = 1.5406
Å). Fourier transform infrared spectroscopy (FTIR) spectra of
the prepared samples were measured using KBr in the range of
4000−400 cm−1 on a Bruker VERTEX 70. The morphologies of
the prepared samples were observed by a JOEL-JSM 7200f field-
emission gun-scanning electron microscope (FEG-SEM)
equipped with an EDAX energy-dispersive spectroscopy
(EDS) microanalysis system. Energy-dispersive spectroscopy
was used to study the chemical composition of the as-
synthesized samples. The surface charge of the oxides was
measured on a Zetasizer (Nano ZS, Malvern Instruments Ltd,
7.12). The gas adsorption data were collected using a
Micromeritics FlowSorb III, a surface area analyzer, using N2.
Prior to N2 sorption, all samples were degassed at 150 °C
overnight. The specific surface areas were determined from the
nitrogen adsorption/desorption isotherms (at −196 °C) using
the Brunauer−Emmett−Teller (BET) method. UV−visible
(UV−vis) spectroscopy measurements were performed for all
samples using a UV−vis spectrometer operating in the
wavelength range of 300−700 nm.
Preparation of Porous Nanostructured ZnO. It should

first be noted that the direct gelation synthesis was performed
using sodium alginate, CMC, and pectin, while for chitosan, we
used two-step gelation. For the direct gelation (Figure S1), a
specific weight of zinc chloride was first dissolved in ultrapure
water for the preparation of a zinc precursor solution with a
concentration of 0.1 M. The gelling agent solution (4% wt) was
also prepared by dissolving 4 g of the biopolymer (sodium
alginate, CMC, or pectin) in 100 mL of ultrapure water under
vigorous stirring at room temperature for 10 h to form a gel
(homogeneous viscous solution). The biopolymer’s gel was then
added dropwise into the solution of the zinc precursor under
slow agitation and stirred for 3 h to form hydrogel beads. Those
hydrogel beads were washed several times with deionized water,
and then they were dried at room temperature overnight to form
xerogel beads. Thereafter, those xerogels were calcined under air
at 850 °C for 8 h. The heat treatment in this case removes the
organic matrix and yields pure zinc oxide. The obtained zinc
oxide was crushed manually using a mortar for 10 min. When
using chitosan as a gelling agent, the gelation process was
achieved in two steps (Figure S2). The chitosan gel (1% wt) was
also prepared by dissolving 1 g of chitosan in 100 mL of acetic
acid solution (1% v/v) under vigorous stirring at room
temperature for 10 h. This chitosan gel was then added
dropwise using a syringe with a needle into a NaOH solution (1
M) under slow agitation to form uniform hydrogel beads. After
that, the formed beads were placed in the zinc precursor solution
(0.1 M) and allowed to stir for 3 h. The postsynthesis treatment
was the same as before in order to release the inorganic matrix
(ZnO). The various hybrid materials and corresponding oxides
are designated as shown in Table 1.
Photocatalytic Dye Degradation Experiments. The

photocatalytic performance of the prepared samples was tested
in pollutant dye photodegradation “Orange G” using UV
irradiation in a “Techinstro” type reactor. The photocatalytic
experiments were carried out in a 500 mL cylindrical quartz
reactor equipped with a closed water circulation system. A 250
W mercury lamp was used as the UV light source. So, 100 mg of
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the photocatalyst was suspended in 100 mL of the Orange G
solution. Before irradiation, the suspension was magnetically
stirred for 1 h in the dark to ensure uniform dispersion of the
photocatalyst and to achieve an adsorption/desorption
equilibrium. During all photocatalytic experiments, every 15
min, 3 mL of the suspension was taken, centrifuged, and
analyzed by measuring the absorbance at λmax = 478 nm using a
UV−visible spectrophotometer. The concentration of degraded
dye is determined from a calibration curve created previously.

■ RESULTS AND DISCUSSION
Characterization of Hybrid Beads (Xerogels). Ther-

mogravimetric Analysis of Hybrid Beads. It is well known that
the calcination temperature influences the structural properties
and photocatalytic performance of an oxide. For this, we used
TGA to get an idea of the temperature range, where we have to
calcine the xerogels in order to be able to release oxides
crystallographically pure.

Figure 1 shows the thermal decomposition of Zn@Alg-X,
Zn@Chi-X, Zn@CMC-X, and Zn@Pec-X. The thermal

decomposition of the different samples was almost similar.
The first mass loss is observed in the range of 35−165 °C. It is
attributed to the dehydration of xerogels (Zn@Alg-X, Zn@Chi-
X, Zn@CMC-X, and Zn@Pec-X). In the range of 165−340 °C,
it is the decomposition of the organic structure of
polysaccharides. The third loss of mass is observed between
340 and 480 °C, and it corresponds to the release of gases from
the combustion of polysaccharide chains. The last loss of mass is
beyond 480 °C. It can be attributed to the complete combustion
of the organic phase and the beginning of the formation of zinc
oxide particles. Thereafter, the oxides ZnO-Alg, ZnO-Chi, ZnO-
CMC, and ZnO-Pec are stabilized at 780, 720, 790, and 840 °C,

respectively. On the basis of those analysis results, 850 °C was
the calcination temperature of choice for the heat treatment of
all of the samples in order to remove the organic matrix
(biopolymer) and release the perfectly crystallized ZnO.
FTIR Analysis of Hybrid Beads. FTIR analysis was performed

to identify and characterize the chemical groups present in the
hybrid materials, their chemical environment, as well as the
nature of the bonds and the mass of the atoms involved, i.e., the
chemical structure of the hybridmaterials in order to understand
their mechanisms of action influencing the growth of ZnO upon
heat treatment.

Figure 2 shows the FTIR of xerogels prepared via chelation of
Zn2+ cations by the following four biopolymers: alginate, CMC,

pectin, and chitosan. All spectra confirmed the presence of
specific bands corresponding to several functional groups,
indicating that the used polysaccharides (Figure S3) act
successfully as a structuring agent to control the nucleation
and growth of ZnO NPs. These functional groups on
biopolymers can make the nucleation/growth process easier to
achieve and subsequently control the size and shape of the
particles. All samples revealed that the presence of a band at
3440 cm−1 corresponds to the stretching vibration of −OH
groups characteristic of intermolecular bonded O−H, which is
probably due to the interaction between ZnONPs and hydroxyl
groups of used biopolymers as a structuring agent. That at 2930
cm−1 corresponds to the stretching vibration of C−H. The band
observed at 1633 cm−1 is related to the C�O group and that at
1430 cm−1 corresponds to the −COO group. The presence of
the band at 1068 cm−1 is related to the stretching vibrations of
C−O−C. The peak at 565 cm−1 represents Zn−O stretching
bonds, which suggested the presence of a zinc oxide phase not
yet crystallized in the as-prepared xerogels. In follow-up to this
analysis, all samples are composed of functional groups of
biopolymers, zinc oxide, and absorbed water. All xerogels
present the same vibratory modes and the same characteristic
bands with a slight difference in peak intensity due to the
difference in the spatial distribution and arrangement of each
macromolecule (biopolymer) (Figure S3).
Morphological Analysis of Hybrid Beads. SEMmicrographs

of xerogels are shown in Figure 3. All xerogels have a spherical
shape. At high magnification, SEM images of xerogel beads

Table 1. References of the As-Prepared ZnO Samples
According to the Used Gelling Agent

gelling agent
(biopolymer)

xerogel (before
calcination)

oxide (after
calcination)

sodium alginate Zn@Alg-X ZnO-Alg
chitosan Zn@Chi-X ZnO-Chi
CMC Zn@CMC-X ZnO-CMC
pectin Zn@Pec-X ZnO-Pec

Figure 1. TGA of xerogels prepared by polymer gelation with Zn2+

cations: alginate (green), chitosan (red), CMC (blue), and pectin
(brown).

Figure 2. FTIR spectra of xerogels: Zn@Alg-X (a), Zn@Chi-X (b),
Zn@CMC-X (c), and Zn@Pec-X (d).
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synthesized using alginate show a fibrillar structure. The xerogels
prepared with chitosan or CMC show a rough surface, whereas

the sample synthesized via pectin has a smooth surface. Figure
S4 shows the energy-dispersive spectroscopy analysis of the

Figure 3. FEG-SEM images of Zn@Alg-X (a1, a2), Zn@Chi-X (b1, b2), Zn@CMC-X (c1, c2), and Zn@Pec-X (d1, d2).
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hybrid beads. According to the EDS results, the xerogels are
composed of carbon, oxygen, and zinc atoms. The carbon atoms
are sourced from the gelling agent and confirm the formation of
an organic/inorganic hybrid material, which is in line with the
results of the FTIR analysis.
Characterization of As-Prepared ZnO. Microstructural

Analysis.The XRD patterns of ZnO-Alg, ZnO-Chi, ZnO-CMC,
and ZnO-Pec are shown in Figure 4. The observed diffraction

peaks revealed the formation of a hexagonal wurtzite phase
(P63mc space group (ICDD card no. 96−900−4180)). No
additional peaks were observed, indicating the high purity of
ZnO nanoparticles. This analysis reveals the presence of intense
and narrow peaks, indicating the high crystallinity of samples.
Also, intense and narrow peaks are shown at the (101) facet in
the case of CMC and chitosan, which can be explained by the
presence of a preferred orientation of ZnO crystallites along this
facet. ZnO powders are known to be dominated by the mixed
orientations of lower surface energy.50 But in the case of thin-
film ZnO, it is generally reported that ZnO grows easily in the
(002) direction, which corresponds to the growth along the c-
axis, due to the low energy of formation of this plane.51 We also
note that the semiquantitative EDS analysis reveals the purity of
as-prepared ZnO (Figure S5). On the other hand, it is
interesting to note that XRD patterns of all xerogels did not
exhibit any diffraction peak, indicating that hybrid beads are
amorphous and not yet crystallized.

The lattice parameters of the samples were calculated
according to eq 152

= × + + +
D a

h hk k
l
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1 4
3

( )
hkl
2 2

2 2
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The bond length (L) of the Zn−O bond was calculated using
eq 2, whereas the volume of the unit cell was calculated using eq
352
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The calculated lattice parameters, Zn−O bond length, and
lattice volume of different samples are shown in Table 2.

The values of lattice parameters, bond length, and lattice
volume are similar for all samples, regardless of the used gelling
agent. The XRD peaks of ZnO-CMC and ZnO-Chi are more
intense and narrower than those of ZnO-Alg and ZnO-Pec and
can be related to a preferred orientation according to the facet
(101), as we have already mentioned above. The crystallite size,
dislocation density, and microstrain of ZnO nanoparticles were
calculated using the Debye−Scherrer equations (eqs 5−7)53

=D
0, 9

cos (5)

=
D
1

2 (6)

=
4 tan (7)

where D is the crystallite size (nm), δ is the dislocation density
(nm−2), ε is the microstrain, β is the line broadening at the full
width at half-maximum (FWHM) (radian), θ is Bragg’s angle in
degrees (half of 2θ), and λ is the X-ray wavelength (nm), λ (Cu
Kα = 15,406 Å).

Table 3 shows different crystallite sizes, dislocation densities,
and microstrains of the as-synthesized ZnO.

The ZnO-Alg crystallite size is the smallest, and this is directly
related to the crystallinity of the oxide as it has the least intense
and broadest diffraction peaks. In addition, it is noted that the
dislocation density and the microstrain values of ZnO-CMC are
the lowest, and the presence of these defects can affect the
optical properties of ZnO particles. The differences in the
crystallite size, dislocation density, and strain values could be
related to the difference in the functional groups of monomer
units in each biopolymer and the difference in their mechanism
of action upon gelling. It is a very complex process due to the

Figure 4. XRD patterns of the ZnO samples: ZnO-Alg (a), ZnO-Chi
(b), ZnO-CMC (c), and ZnO-Pec (d).

Table 2. Lattice Parameters, Bond Length, and Volume Cell
of the Prepared Samples of ZnO

lattice parameters (Å)
bond

length (Å)
lattice volume

(nm3)

samples a b c L V

ZnO-Alg 3.2553 3.2553 5.2128 1.98 4.78
ZnO-Chi 3.2512 3.2512 5.2076 1.98 4.76
ZnO-CMC 3.2525 3.2525 5.2091 1.98 4.77
ZnO-Pec 3.2531 3.2531 5.2106 1.98 4.77

Table 3. Crystallite Size, Dislocation Density, and
Microstrain as a Function of Different Biopolymers Used

samples
the crystallite size

(nm)
dislocation density

(×10−3·nm−2)
microstrain
(×10−3)

ZnO-Alg 50.76 0.39 1.21
ZnO-Chi 63.39 0.25 0.97
ZnO-CMC 69.65 0.21 0.89
ZnO-Pec 67.87 0.22 0.91
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many parameters likely to intervene in order to control the size,
distribution, and shape of the particles synthesized under these
given conditions.

FTIR spectra of ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-
Pec oxides are shown in Figure 5. The intense and broad bands

around 450−600 cm−1 in all spectra correspond to the Zn−O
stretching bonds,37 and those at 1033 cm−1 are related to the
vibrations of Zn−O. This is the fingerprint of this oxide. The
other bands located at 3430 and 1460 cm−1 corresponding to the
vibrational modes of the O−H group are related to the presence
of adsorbed water on oxide’s surface.

The specific surface area of ZnONPs was determined fromN2
adsorption/desorption isotherms data. The values obtained via
the BETmethod are shown in Table 4. The specific surface areas

obtained for ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-Pec
were 31.2, 36.8, 31.6, and 18.5 m2/g, respectively. We observe,
thus, that the sample prepared by using pectin had the lowest
specific surface area compared to the other samples and that
their specific surface areas are more or less close. It should be
noted that the surface area of the oxides is strongly affected by
the synthesis and postsynthesis conditions (drying mode and
calcination temperature).49

Morphological Analysis of Hybrid Beads. FEG-SEM images
of the ZnO NPs are shown in Figure 6. In these FEG-SEM
images, we can observe the different shapes of ZnO crystallites.
Thus, for the sample ZnO-Alg, the particles have a quasi-
spherical shape. In the case of ZnO-Chi, the particles have a
minirod shape. For ZnO-CMC, the particles have an irregular
polygon shape that does not meet the regularity condition.
While for the sample ZnO-Pec, the particles have a rod shape of
some hundred nanometers in length. To better observe the
particles, it was necessary to perform magnifications for each
sample. The magnification allowed us to clearly visualize the
shape of the ZnO crystallites prepared via this biopolymer
gelation process as detailed above. This analysis allowed us to

determine that the average particle size for the samples (ZnO-
Alg, ZnO-Chi, and ZnO-CMC) is around 50 to 100 nm, and for
the ZnO-Pec sample, the length is around 700 nm. EDAX results
of oxides are shown in Figure S5. The oxides are mainly
composed of zinc and oxygen atoms. These results confirm the
findings of a high-purity zinc oxide.
Mechanism of Gelation. In the current study, we

investigated the effect of the gelling agent used on the
nanostructured zinc oxide and its photocatalytic performance.
The biopolymers used are polysaccharides that can form
hydrogels in the presence of Zn2+ cations. The use of external
gelation, also known as the diffusion setting method, allows
cations of metal to freely diffuse into the biopolymer droplets,
which provides a high strength of the formed hydrogels.54−56

The presence of carboxyl groups in sodium alginates, CMC, and
pectin allows the coordination of zinc cations to form physically
cross-linked hydrogels with improved water resistance according
to the “egg-box” model, whereas the formation of hydrogels via
chitosan requires the gelation in two steps.57 Egg-box models of
different hydrogels are shown in Schemes S1−S4. The use of the
gelation method for the elaboration of ZnO samples allowed the
formation of nanostructured zinc oxide nanoparticles. The
gelation mechanism of sodium alginate, chitosan, CMC, and
pectin can be mainly divided into three steps: (i) the formation
of monocomplexes between monomers and Zn cations; (ii) the
formation of egg-box dimers by the pairing of the mono-
complexes; and (iii) the formation of multimers by the lateral
cross-linking of the egg-box dimers.58 The egg-box model of
sodium alginate and CMC could be described as the cross-link
between a single chain of biopolymers and Zn2+ cations and the
production of regular geometric holes where cations are
embedded through coordination with oxygen atoms present in
the structure of biopolymers (Schemes S1 and S3); the same
egg-box model could be used to describe the gelation via
chitosan except that for chitosan, the cross-linking is carried out
between a chain of biopolymer and Na+, then in the second step,
the zinc cations replace Na+ (Scheme S2). On the other hand,
the egg-box model of pectin is described by the cross-link
between zinc cations and two antiparallel chains of pectin
(Scheme S4).

According to the microstructural characterization, all
biopolymers used allow formation of a pure phase of
nanoparticles of zinc oxide with a wurtzite structure. This pure
phase is obtained from the calcination of nanohybrids composed
of polysaccharides and zinc oxides, which helps to structure the
ZnO nanoparticles and to offer high porosity after the release of
the organic phase. Despite the fact that all of the gelling agents
used have the same gelation mechanism, the obtained zinc oxide
nanoparticles have different crystallite size, surface area, and
morphology, which mean that those parameters are affected by
the biopolymer’s properties, such as the molecular weight, the
form of polymeric chains, and the source of the biopolymers.
The results of physical and chemical characterization (FTIR,
XRD, SEM, and EDAX-EDS) confirm that the biopolymer’s
nature affects the crystallite size, porosity, and morphology of
ZnO nanoparticles.

The crystallite size of the obtained oxides was different: 50.76
nm for sodium alginate, 63.39 nm for chitosan, 69.65 nm for
CMC, and 67.87 nm for pectin. The specific surface area values
of ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-Pec are 31.2, 36.8,
31.6, and 18.5 m2/g, respectively. The specific surface area
values are in accordance with the proposedmechanism, since for
pectin, we have the lowest surface area because of the low

Figure 5. FTIR spectra of the ZnO NPs: ZnO-Alg (a), ZnO-Chi (b),
ZnO-CMC (c), and ZnO-Pec (d).

Table 4. Surface Area Values of Photocatalysts

samples ZnO-Alg ZnO-Chi ZnO-CMC ZnO-Pec

Specific surface area (m2/g) 31.2 36.8 31.6 18.5
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diffusion of Zn2+. This result is also confirmed by the
morphological characterization of the elaborated xerogels. The
Zn@Pec-X sample has a smooth and flattened shape related to
the low diffusion of zinc cations, which leads to the formation of
weak hydrogels, whereas the used sodium alginate, CMC, and
chitosan give well-formed hydrogels and lead to the formation of
quasi-spherical zinc nanoparticles.

The physical property of the carbohydrates used to form
hydrogels helps to structure the zinc oxide and to elaborate
porous nanoparticles, which enhance the photocatalytic

efficiency of the elaborated zinc oxide by increasing the amount
of accessible surface adsorption and reaction sites, which offers
more photogenerated electrons and holes.59,60

The photocatalytic activity of the prepared ZnO oxides
depends on several parameters, such as crystallinity, phase
composition, morphology, chemical composition, particle size,
electron−hole pair recombination rate, and synthesis process.
Optical Properties of ZnO Samples. Diffuse reflectance

spectroscopy was used to analyze the optical absorption of
materials61 (Figure 7). All samples had an intense UV

Figure 6. FEG-SEM images of the ZnO NPs that form during the calcination of the prepared xerogels via biopolymer gelation: ZnO-Alg (a1, a2, a3),
ZnO-Chi (b1, b2, b3), ZnO-CMC (c1, c2, c3), and ZnO-Pec (d1, d2, d3).
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absorption with an absorption beyond 350 nm, and a shift
toward the visible region was observed for ZnO-Chi. Band gap
values were calculated using the Tauc plot method. The band
gap values were 3.17, 2.98, 3.13, and 3.34 eV for ZnO-Alg, ZnO-
Chi, ZnO-CMC, and ZnO-Pec, respectively. All samples had
weaker band gap values compared to commercial ZnO (3.37
eV).62,63 However, ZnO-Chi can harvest UV and visible light
energy and release electrons/holes under UV−visible illumina-
tion, which will act as a good photocatalyst.
Photocatalytic Properties of As-Prepared ZnO Sam-

ples. The surface charge of oxides was measured using zeta
potential. The values of zeta potential of all ZnO samples are
presented in Table 5. The zeta potential values obtained are

−15.26, −14.46, −23.07, and −13.17 (mV) for, respectively,
ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-Pec. The oxide
prepared using CMC (ZnO-CMC) reveals the lowest ζ-
potential value (−23.07 mV) compared to the other samples
with approximately close values. These results led us to choose
the anionic dye Orange G to overcome the adsorption
phenomenon of the dye on the surface of ZnO particles due
to the electrostatic repulsion between the negative charges of the
ZnO surface and the dye molecules (anionic character).

The photocatalytic performance of zinc oxides is tested
toward degradation of the Orange G dye in an aqueous solution
at regular intervals (every 15 min). This degradation was
followed by optical absorption measurement at 478 nm. To
ensure the elimination of the adsorption effect, all ZnO samples
were stirred in the dark for 1 h, and then the Orange G solutions
were irradiated with UV radiation for 3 h in the presence of the
photocatalyst. Figure 8 represents the adsorption−photcatalytic
degradation activity of performed samples: ZnO-Alg, ZnO-Chi,
ZnO-CMC, and ZnO-Pec. The dark adsorption percentage
values of zinc oxide nanoparticles are 32.3, 21.9, 29.9, and 28.5%
corresponding to ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-
Pec, respectively. The lowest adsorption capacity was noted for
ZnO-Chi.

The dye photodegradation tests performed for 180 min reveal
that the degradation rates were 49.3, 93.2, 94.4, and 99.3% for
ZnO-Pec, ZnO-Alg, ZnO-CMC, and ZnO-Chi, respectively
(Table 6). ZnO-Chi has a higher degradation rate compared to

the other samples. This sample presents the best photocatalytic
performances, maybe due to its surface state (topography) and
its defect geometry. Indeed, the surface of a material is the seat of
many interactions with the environment. The physicochemical
properties of the surfaces and the interfaces thus play a
determining role with regard to their photocatalytic activity.
Moreover, real crystals always contain a certain number of

Figure 7. UV−vis diffuse reflectance spectroscopy of prepared ZnO nanoparticles: ZnO-Alg (a), ZnO-Chi (b), ZnO-CMC (c), and ZnO-Pec (d).

Table 5. ζ-Potential Values of the As-Prepared ZnO NPs

samples ZnO-Alg ZnO-Chi ZnO-CMC ZnO-Pec

ζ-potential (mV) −15.26 −14.46 −23.07 −13.17 Figure 8. Adsorption−photocatalytic degradation activity of as-
prepared ZnO nanoparticles.

Table 6. Kinetic Constants, Linear Regression, and
Degradation Percentage of Orange G by Different Samples of
the As-Prepared Zinc Oxide

samples
kinetic constant
(×10−2·min−1)

linear
regression

degradation
percentage (%)

ZnO-Alg 1.52 0.9711 93.2
ZnO-Chi 2.69 0.9579 99.3
ZnO-CMC 1.60 0.9754 94.4
ZnO-Pec 0.37 0.9732 49.3
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defects or singularities in variable quantity. The presence and
number of defects depend on the type of chemical bonding, the
purity of the crystal, the preparation method, as well as the
thermal and/or mechanical treatments undergone. The
dislocation of the prepared samples is a linear defect (i.e.,
nonpunctual), corresponding to a discontinuity in the
organization of the crystal structure (Table 3). We distinguish
in general the wedge dislocations, the screw dislocations, and the
other mixed dislocations.

The photocatalytic degradation kinetics of the Orange G dye
is described by the pseudo-first-order kinetic model, which is
expressed as follows64−66

= ×C
C

k tln
0

i
k
jjjjj

y
{
zzzzz (8)

where C is the initial concentration of Orange G, C0 is the
concentration of the OG dye at t ≠ 0, k is the kinetic constant,
and t is the time of reaction.

Figure 9 shows the line of −ln(C/C0) versus time. The
correlation coefficient R2 values of ZnO-Alg, ZnO-Chi, ZnO-

CMC, and ZnO-Pec are 0.9711, 0.9579, 0.9754, and 0.9732,
respectively. Thus, the pseudo-first-ordermodel perfectly fits the
experimental photocatalytic study. The different values of the
constant k are summarized in Table 6. The kinetic constants are
0.0152, 0.0269, 0.016, and 0.0037 min−1 corresponding to the
ZnO-Alg, ZnO-Chi, ZnO-CMC, and ZnO-Pec samples,
respectively.

Thus, we notice that the two synthesized oxides using sodium
alginate and CMC as the gelling agent have the same
photocatalytic performance (93.2 and 94.4%) and the ZnO-
Chi (99.3%) sample shows the best photocatalytic performance
compared to other synthesized oxides. This may be due to their
remarkable structural and morphological properties such as
small crystallite size and high porosity. It can also be due to the
large specific surface area of the ZnO-Chi sample (36.8 m2/g),
which favors the separation of photogenerated charge carriers
for ZnO-Chi and results in more efficient catalysts. These
characteristics could be related to the main function of chitosan
monomer (amine −NH2) and the synthesis process (gelation in
two steps).

Effect of pH. The effect of pH on the photocatalytic
degradation of Orange G (30 μM) using 1 g/L ZnO-Chi was
tested (Figure 10). Excellent degradation activity was revealed at

acidic and neutral conditions (pH = 4 and pH = 7). At pH = 9,
lower degradation efficiency was noted for ZnO-Chi (74% of
orange G degradation). These results indicate that alkali
conditions limit the degradation efficiency of ZnO-Chi. At
higher pH, there was an excess of OH− anions that cover the
surface of the photocatalyst forming a passivation layer, which
decreases the degradation efficiency of the material.
Mechanism of Photodegradation. To understand the

mechanism behind photocatalysis, a series of experiments
were conducted on the optimal sample, ZnO-Chi, by adding
different scavengers (t-BuOH and EDTA). The results, shown
in Figure S6, revealed that the photodegradation of orange G
was not significantly affected by the addition of t-BuOH, a
radical scavenger. However, the addition of EDTA, a hole
scavenger, significantly decreased the photocatalytic activity of
the hybrid, indicating that photogenerated holes are the primary
oxidative species driving the photocatalytic reaction in the ZnO-
Chi system.
Reusability and Stability of the ZnO Photocatalyst. The

stability and recycling performance of ZnO-Chi were studied.
After four photocatalytic degradation experiments, the degra-
dation activities of orange G were 99.3, 97.8, 96.6, and 97.7%,
respectively (Figure S7), indicating that ZnO-Chi had excellent
cyclic photocatalytic degradation activity. XRD and FTIR
analyses were further compared before and after photo-
degradation to investigate the structural stability of the sample.
Obviously, the XRD patterns of the photocatalyst did not
change before and after the reaction (Figure 11), indicating that
it has good crystal structure stability. At the same time, the FTIR
test results showed that no new characteristic peaks appeared
after the photodegradation for four cycles (Figure 11). The
above analysis showed that ZnO-Chi has excellent structure and
photocatalytic degradation stability.

■ CONCLUSIONS
In summary, we were initially interested in optimizing the
process for the synthesis of ZnO nanoparticles via the gelation
method of biopolymers (alginate, CMC, pectin, and chitosan).
The gelation of each of the three biopolymers (alginate, CMC,

Figure 9. Kinetics of the Orange G degradation reaction using oxides:
ZnO-Alg (a), ZnO-Chi (b), ZnO-CMC (c), and ZnO-Pec (d).

Figure 10. Effect of pH on the photocatalytic degradation of Orange G
using ZnO-Chi (photocatalyst dosage = 1 g/L, dye concentration = 30
μM).
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pectin) was carried out via a cross-linking process by diffusion of
Zn2+ cations. The interest of such a process was based on
obtaining hydrogels, whose Zn2+ cations follow the spatial
distribution of molecular forms of biopolymers. This process
helps to obtain micro- and nanofibers containing ZnO
nanoparticles according to the results of FTIR analysis. After
calcination of the xerogels, hierarchical ZnO nanostructures
with variable morphologies were obtained. A two-step process
using chitosan was optimized, which helped us to obtain ZnO
minirods with excellent morphological and structural properties
with very good reproducibility. Thereafter, a water purification
study to check whether the photocatalytic effect can be used to
degrade the Orange G dye was carried out on as-prepared ZnO
samples under UV irradiation. The ZnO sample prepared via
pectin gelation had the lowest degradation rate, while the
degradation rates for the samples prepared by using alginate,
CMC, and chitosan were quantitatively similar with a slight
predominance of the sample prepared by using chitosan.
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