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Abstract

This study focuses on enhancing the properties of kaolin (Kao) clay by incor-
porating Zinc oxide nanoparticles (ZnO NPs) and further functionalizing with
agar biopolymer, resulting in the formation of Agar/Kao@ZnO nanocomposite
(NC). The synthesized material underwent comprehensive composition,
structure, surface, and optical properties analysis to confirm the formation.
The material was evaluated as a photocatalyst for the degradation of
2,4-dinitrophenol (DNP) under visible light irradiation. The optimized condi-
tions for the photocatalytic degradation of DNP were determined as irradiation
time 50 minutes, pH 4, catalyst dose 20 mg, and DNP concentration of
25 mg L™, resulting in degradation efficiency of 99.63%. Trapping experiment
validated the significant role of hydroxyl ("OH) radicals as reactive oxidant spe-
cies (ROS) in the degradation of DNP in the presence of visible light. Through
four consecutive cycles of reusability experiments, it was confirmed that the
synthesized material is highly stable and efficient for DNP degradation.
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1 | INTRODUCTION

The presence of organic and inorganic pollutants in
water has significant economic and environmental conse-
quences, leading to the generation of toxic effluents."?
Among the plethora of carcinogenic and mutagenic
compounds found in water sources, nitrophenols and its
derivatives, especially 2,4-dinitrophenol (DNP), are par-
ticularly toxic pollutants discharged by various industries
including agriculture, pharmaceutical, manufacturing,
etc.> The excessive accumulation of DNP in industrial
waste, soil, and aquatic ecosystems poses serious threats
due to its high solubility in water, propensity to bioaccu-
mulate, and serve toxicity, which can lead to mutations
and genetic damage.”’”” The robust stability of DNP, its
resistance to natural breakdown processes, and concerns
about generating harmful by-products present challenges

2,4-dinitrophenol, biopolymer, nanoclay, nanocomposite, photocatalytic degradation, ZnO

to its removal.>® The predominant technology for addres-
sing organic pollutants involves adsorption, but it suffers
from drawbacks such as inefficiency, time-intensive
procedures, and substantial investment requirements."®
Furthermore, it is essential to evaluate the ecological
impact on water bodies after DNP removal to ensure a
sustainable ecosystem."'*

Among various methods, photocatalysis stands out as
one of the most effective techniques based on advanced
oxidative processes (AOPs), utilizing renewable and clean
solar energy to completely mineralize the organic pollut-
ants.” Photocatalysis offers economic and eco-friendly
advantages, being highly efficient, non-toxic, and chemi-
cally stable.>” Importantly, it avoids the production of
secondary pollution after treatment reactions.®*° In this
method, the catalyst's surface interacts with light, leading
to the excitation of the electrons from valence band
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(VB) to conduction band (CB), generating electron-hole
pairs. These electron-hole pair interact with oxygen and
water in the system, producing hydroxyl ("OH)
and superoxide (‘O,) radicals.'’ These radicals subse-
quently attack the pollutant molecules, mineralizing
them into smaller, non-toxic entities.'?

Semiconductor-based nanomaterials have been
widely employed as photocatalysts for pollutants degra-
dation due to their ability to absorb radiation and gener-
ate electron-hole pair."* Various semiconductors-based
nanomaterials, including TiO, MnO,, ZnO, SnO,, CdO,
etc., have been investigated for the degradation of differ-
ent organic pollutants. Among these, ZnO is particularly
noteworthy as n-type semiconductor with a wide range of
applications in UV lasers, gas sensing, and solar cells.'* It
possesses excellent photocatalytic properties,
toxicity, abundance, and a high aspect ratio, with a band
gap value of 3.4 eV.'>'® ZnO NPs exhibit a hexagonal
wurtzite structure, facilitating anisotropic nucleation of
NPs for the large amount of photoinduced e /h* pair on
or near catalyst surface."” However, ZnO NPs encounter
challenges in their photocatalytic properties, such as a
high bandgap that restricts their response to only UV
region of sunlight constituting a small fraction (5-7%) of
the total solar spectrum'®'?. Another limitation is the
high rate of electron-hole pair recombination rate.”® To
address these issues, various modification methods have
been applied, including doping with metal and non-
metals, composite formation, and surface modification.
One such approach involves the dispersion of pristine
ZnO NPs in kaolin nanoclay as a medium, followed by
surface modification by agar gum biopolymer.

Clays are naturally occurring materials characterized
by layers of aluminosilicates, divided into two categories;
pillared clays and non-pillared clays.”** Among these,
Kaolin, with chemical formula of (Al,Si,Os[OH],), is a
1:1 layered type of clay material found in nature. It
consists of Al,(OH), and SiO,, with octahedral and tetra-
hedral sheets, respectively.”® Kaolin serves as a host
material and exhibits effective adsorption due to its cat-
ionic exchange capacity, ability to swell in the aqueous
solution, and large surface area with environmental sta-
bility.>>**"*® The hydrophilic groups present on the sur-
face of kaolin and the covalent bonds between layers
effectively immobilize the ZnO NPs, providing stability.
In synergy, ZnO NPs act as sensitizer extending the
photoresponsivity of the synthesized nanocomposite
material.**>*’ Furthermore, to improve the surface func-
tional density and biocompatibility of Kao@ZnO, surface
functionalization using biopolymers such as chitosan,
sodium alginate, agar, xanthan gum has garnered exten-
sive attention.”® Agar gum (C,,H;50,), a linear polysac-
charide derived from red seaweeds such as Gracilaria and
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Gelidium, is composed of D-galactose and 3,6-anhydro-
B-galactopyranose units.?**° Widely utilized as a stabi-
lizer, thickener and gelling agents in various industries
including cosmetics, microbiology and food industries,
agar gum offers valuable properties for numerous appli-
cations.*"** The hydroxyl (-OH) groups within the bio-
polymer play a crucial role in facilitating the adhesion of
organic pollutants onto the catalyst's surface through the
formation of electrostatic or covalent bonds.>

The current study showcases the synthesis of nano-
composite (NC) wherein ZnO NPs are incorporated into
a Kaolin matrix and immobilized by agar biopolymer.
This novel material was investigated as a photocatalyst
for the degradation of DNP. Several influential parame-
ters, including irradiation time, pH, catalyst dose, and
initial dye concentration, were optimized, and the kinet-
ics of the reaction were briefly discussed.

2 | METHODS AND METHODS

2.1 | Chemicals and reagents used

Zinc nitrate Zn (NO3),.6H,0 in the form of white crystals
AR grade was purchased from Merck India. Agar gum
and Kaolin were supplied by Fluka, India.
2,4-Dinitrophenol, with a maximum absorbance in the
range of Anax = 350-360 nm, was purchased from Sigma-
Aldrich, India. Potassium hydroxide (KOH) was obtained
from Sigma Aldrich, India. The precise quantities of salts
and reagents were dissolved in double-distilled water to
prepare the stock solutions.

2.2 | Synthesis of Agar/Kao@ZnO NC

The material synthesis involved an in situ chemical co-
precipitation method combined with the sol-gel method.*!
The detailed method is as follows: A 5% (w/V) solution of
agar gum was prepared by mixing 5 g of agar biopolymer
in 100 ml of distilled water, followed by stirring until com-
plete dispersion was achieved. Simultaneously, in another
flask, 5 g of kaolin was mixed with 100 ml of 2 M of Zn
(NOs), solution and subjected to ultrasonicated for better
suspension. The kaolin suspension in the Zn (NOs), solu-
tion was gradually added dropwise to the agar biopolymer
solution, and the mixture was stirred until homogeneity
was attained in the biopolymer blend. Subsequently,
30 ml of 0.4 M KOH solution was added and the product
was collected through vacuum pump filtration. The result-
ing product was washed multiple times with distilled
water to remove any undesired particles and then dried in
a hot air oven at 60°C for 6 hrs.
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2.3 | Characterisation of Agar/
Kao@ZnO NC

To comprehensively analyze the crystal structure, mor-
phology, bonding, and functional groups of the Agar/
Kao@ZnO NC, various instrumental techniques were
employed. Fourier transform infrared spectroscopy
(FTIR) using a Perkin Elmer (PE1600) instrument within
the range of 400-4,000 cm™ ' was utilized to determine
the bonding and functional groups present in the mate-
rial. X-ray Diffraction (XRD) analysis was performed
using a Rigaku Ultima 1 V X-ray diffractometer with Cu
Ka radiation (A = 1.540 A) to obtain information regard-
ing lattice and crystal size, aiding in understanding the
blending of individual constituents. The surface morphol-
ogy and chemical composition of the material were
assessed using scanning electron microscope SEM (GSM
6510LV, JEOL) coupled with energy dispersive X-ray
(EDX) analysis to calculate the homogeneity. Transmis-
sion electron microscope (TEM) analysis using a JEM,
2100 instrument was employed to determine the size of
particles dispersed within the biopolymer and nanoclays
matrix. The specific surface area of the synthesized mate-
rial was evaluated using a Micromeritics Tristar II, and
values were determined using the Brunauer-Emmett—
Teller method (BET) method. The concentration of
pollutants, i.e., 2,4-DNP before and after photocatalytic
reaction, as well as the optical properties of synthesized
material, were examined by UV-Vis double beam spec-
trophotometer Shimadzu (UV-1900).

2.4 | Photocatalytic experiment

The photocatalytic  degradation experiment  of
2,4-dinitrophenol (DNP) using Agar/Kao@ZnO NC was
conducted via the batch method under a visible light
source, i.e., halogen lamp of 50 W. The distance between
radiation source and solution was 25 cm. For each experi-
ment, an aliquot of 25 ml of 2,4-DNP was prepared for
different concentrations (10-50 mgl_l) solution, pH (4, 6,
8, and 10), catalyst dose of 10-20 mg and irradiation time
(10-50 min) in the presence of visible light source. After
each experiment, the optimized values of each parameter
were determined and utilized for kinetics and scavenger
tests. The photocatalyst efficiency was analyzed by using
a UV-Vis spectrophotometer at a maximum absorption
wavelength of DNP at A, = 358 nm. The extent of %
degradation was calculated by using the equation:

Ci—-C

1

Degradation (%) = x 100 (1)
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FIGURE 1 FTIR spectra of Kaolin (black line), Agar (red line),
and Agar/Kao@ZnO NC.

where C; and C, are the initial and final concentrations of
DNP after the photocatalytic experiment. The data
obtained from the experiment was processed using MS
Excel and Origin 9.1 software.

3 | RESULTS AND DISCUSSION
3.1 | Characterisation of Agar/
Kao@ZnO NC

Fourier transform infrared spectroscopy (FTIR) analysis
reveals specific absorption peaks corresponding to func-
tional groups present in the material. Figure 1 consists of
the FTIR data of Kaolin, Agar, and Agar/Kao@ZnO
NC. FTIR spectra of Kaolin (black line) examined absorp-
tion peaks at 3676 (-OH stretching), 2,984 (aliphatic C-H
stretching), 1,006 and 456 (Si-O-Si of tetrahedral sheet),
935 (Al-OH bending) and 528 (Si-O-Al stretching).**
FTIR of agar (red line) examined absorption peaks at
3383 (-OH stretching), 2,887 (aliphatic -CH stretching),
1,628 (N-H stretching), 1,388 (C=O0 stretching), 1,145 and
1,057 (C-O-C stretching).>®> FTIR spectra of Agar/
Kao@ZnO NC examine absorption peaks at 3676 (-OH
stretching of Kaolin), 3,467 (-OH stretching of AA), 1,367
(C=O0 stretching), 1,027 (Si-O-Si), 939 (Al-OH bending),
536 (Zn-O stretching), and 465 Zn-O stretching
vibrations.** *® These absorption peaks indicate the pres-
ence of specific functional groups within each material
and provide insight into their chemical composition and
bonding configurations.

The XRD analysis revealed distinct peaks for ZnO,
Kaolin, and Agar/Kao@ZnO NC, indicating changes in
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FIGURE 2 XRD spectra of ZnO
NPs (black line) and Agar/
Kao@ZnO NC (red line).
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their solid lattice and crystalline structure as given
in Figure 2. The XRD spectra of ZnO NPs (black line) dis-
played the characteristics peaks at 20 values 31.90, 34.66,
36.32, 47.53, 56.41, 62.72, 67.83, 68.96 having miller indi-
ces values (100), (002), (101), (102), (110), (103), (112),
and (201) according to JCPDS No. 89-1,397. The XRD
spectra (red line) of kaolin exhibited the characteristic
peaks around 20 values 17.78, 24.18, 26.83, 29.25, 35.26,
35.77, 50.72, 51.42, and 71.23 corresponding to Miller
indices values of (020), (—110), (0-21), (—101), (—1-11),
(002), (004), (113), and (—331).* The XRD spectra of
Agar/Kao@ZnO NC (blue line) showed peaks distinct
from both ZnO and Kaolin Nanoclay. Peaks were
observed at 20 values of 18.38, 20.13, 26.07, 26.89, 29.27,
34.87, 37.49, 54.52, 63.59, and 71.23 having miller indices
values (001), (011), (111), (200), (101), and (331). The
quenching of the characteristic peak of ZnO in the syn-
thesized material suggests the successful fixation of ZnO
NPs in the interlayer gallery of sandwiched structured
kaolin. Further information about the change in crystal-
lite size and crystallinity upon immobilization of ZnO
with kaolin and biopolymer was observed by using the
Scherer formula equation (2-5).*

0.9 @
~ Pcosd
. . . 1
Dislocation Density (8) =— (3)

D2

70 80

Interlayer Spacing (dq11) = %}r\lﬁ 4)

Area Under the Crystalline Peaks y

100
Total Area

(5)

%Crystallinity =

where A is the frequency of radiation, 0 is the diffraction
angle, f is half the width of peaks, and D crystalline size
(nm). Using equation (2-5), the XRD parameters regard-
ing ZnO, Kaolin, and Agar/Kao@ZnO NC are given in
Table 1. The Scherrer average crystallite size was calcu-
lated as 18.73 nm for ZnO NPs, 19.26 nm for kaolin, and
27.48 nm for Agar/Kao@ZnO NC. The increase in crys-
tallite size suggests that ZnO NPs have been successfully
introduced in the inlayer gallery of kaolin followed by
immobilization with agar biopolymer. Further support to
the formation of the material is dislocation density which
is higher for the synthesized material as compared to
pristine kaolin suggesting a dislocation of layers of nano-
clay upon ZnO reinforcement. The dislocation resulted in
interlayer spacing of 0.28 nm for Agar/Kao@ZnO NC as
compared to its individual components ZnO (0.25 nm)
and kaolin (0.31 nm). By using equation (5), the bulk
ZnO NPs were 65.25% crystalline, kaolin was 37.91%
whereas Agar/Kao@ZnO NC was 35.11% crystalline. The
synthesized material has more amorphous character due
to the presence of biopolymer matrix of agar which is
capping the Kao@ZnO NPs.

The surface morphology of Agar/Kao@ZnO NC was
analyzed using scanning microscopic technique (SEM).
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TABLE 1 XRD parameter of ZnO, Kaolin, and Agar/Kao@ZnO.
FWHM Interlayer spacing Crystallite size (nm) Dislocation density (8) Crystallinity
Component 20 () (nm) at 20 at 20 value lines (10" x m?) (%)
ZnO 36.19 0.56 0.25 15.09 1.60 65.25
Kaolin 29.24 0.20 0.31 40.60 1.04 37.91
Agar/ 29.26  0.23 0.28 36.85 1.28 35.11
Kao@ZnO
FIGURE 3 SEM images of

(a) Kaolin, (b) Agar, (c) Agar/Kao@ZnO
NC, and (d) EDX spectra of Agar/
Kao@ZnO NC.

Figure 3a,b presents the SEM image of kaolin nanoclay
with agar biopolymer which appear as flaky destacked
sheets of nanoclay with irregular shape and size while
agar biopolymer shows a porous and amorphous mor-
phology. Figure 3c presents the SEM image of the Agar/
Kao@ZnO NC, which appears cubical in shape with a
porous surface, indicating the presence of ZnO NPs
within a layer of kaolin and agar matrix. This porous
surface suggests that the ZnO NPs are stabilized and sup-
ported by the functionalization of the surface. Figure 3d
presents the EDX-spectra of the Agar/Kao@ZnO NC,
illustrating the elemental composition of the individual
component present in the material within an energy
range of 1-20 keV. The weight percentage of each constit-
uent is C (27.98%), O (37.22%), Al (5.62%), Si (10.71%),
and Zn (18.47%). Figure S13d shows the distribution of
elements C, O, Al, Si, and Zn, indicating that the synthe-
sized material is pure, with no foreign elements present.

407 (@)

Element Weight% Atomic%
CK 27.98 4214
OK 37.22 42.08
AIK 5.62 3.77
SiK 10.71 6.89
InK 1847 511

30

Weight %

10

TEM analysis was conducted to further explore the
morphology, particle size, and distribution in the synthe-
sized nanocomposite material. Figure 4a presents the
TEM image of Agar/Kao@ZnO NC, revealing an agglom-
erated spherical distribution of ZnO NPs between the
sheets of Kaolin immobilized with agar biopolymer.
The introduction of ZnO NPs into the Kaolin matrix is
clearly depicted, resulting in the delineation of clay
sheets. In Figure 4b, Gaussian profiles are depicted to
show the statistical distribution of nanoparticles, result-
ing in an average particle size of 20 nm. Figure 4c shows
the selected area diffraction pattern (SAED) of the syn-
thesized material. The yellow diffraction fringes obtained
show good agreement with XRD analysis, confirming the
crystalline nature of the synthesized material and provid-
ing additional support for the structural characterization.

X-ray photoelectron (XPS) spectra were utilized to
determine the chemical composition and oxidation of
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FIGURE 4 TEM image of (a) Agar/Kao@ZnO NC and (b) Gaussian distribution profile for particle size and (c) SAED image of Agar/

Kao@ZnO NC.

individual elements present in the Agar/Kao@ZnO
NC. Figure 5a illustrates the survey scan of Agar/
Kao@ZnO NC, indicating the presence of Zn, C, O, Si,
and Al in the material. Figure 5b shows the binding
energy of Ols spectra with triplet peaks of 532.07 eV,
530.37 eV, and 529.09 eV corresponding to O-C-O, C-O-C/
C-O-H, and C=O0, respectively.*" Figure 5c shows the
binding energy of Cls spectra with triplet peaks of
283.95 eV, 285.7 eV, and 282.18 eV corresponding to C-O,
C=0, and C-C/C-H, respectively, present in the material
attached to kaolin and agar.** Figure 5d shows the binding
energy of Al2p spectra at 74.27 eV and 73.18 eV corre-
sponds to Al 2p,,, and Al 2ps,, respectively.*’ Figure 5e
shows the binding energy of Si2p spectra at 101.7 eV,
102.7 eV, and 100.8 eV corresponding to Si-O-H, Si-O-C,
and Si-O-Si, respectively.** The spectra of Al2p and Si2p
confirm that kaolin is present in the matrix of agar bio-
polymer and ZnO NPs. Figure 5f shows the binding energy
of Zn2p spectra at 1043.14 eV and 1020.04 eV corresponds
to Zn2py, and Zn2ps,, form of ZnO NPs, respectively.*>*

The surface area and porosity of Agar/Kao@ZnO NC
at low temperatures were assessed through N,
adsorption—desorption analysis. Figure 6 illustrates the
N, adsorption—desorption isotherm with the pores size
distribution using the Barrett-Joyner-Halenda (BJH)
method, revealing a mesoporous structure with a type IV
shape. For synthesized material, the BET surface was
determined to be 11.5 m*/g with a pores size of 7.25 nm.
Comparing this to literature values for ZnO NPs were
34.5, 27.3, 22, and 14.5 m*/g.*”~* It is evident that there
is a decrease in the surface area of ZnO NPs in the
synthesized material. This reduction suggests that the
surface area of ZnO NPs has been effectively assembled
and functionalized with kaolin nanoclay and agar bio-
polymer, contributing to the observed decrease in
surface area.

Figure 7a shows the UV-Vis spectra of ZnO NPs and
Agar/Kao@ZnO NC material across the wavelength
range of 200-500 nm. In the UV-Vis spectrum of ZnO
NPs, the absorption maxima (An.x) Were observed at
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FIGURE 7 (a)The UV-vis spectra of ZnO NPs and Agar/Kao@ZnO NC material in the wavelength range of 200-500 nm and
(b) corresponding Tauc's plot for observation of bandgap.

365 nm, corresponding to the characteristic peak for hex- one at 333 nm corresponding to kaolin and another
agonal wurtzite ZnO. The UV-vis spectra of the synthe- 354 nm corresponding to ZnO NPs present in the matrix.
sized nanocomposite exhibited two absorption maxima  The blue shift in the absorbance of ZnO NPs in Agar/
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of visible light source.

Kao@ZnO NC suggests the effective transformation of
Zn*" jons into ZnO NPs within the nanoclay matrix func-
tionalized with biopolymer chains which is further sup-
ported by energy band gap values estimated by Tauc's
plot given in inset of Figure 7b and equation (6)*°;

(ahv) =A(hv—E,)" (6)

The Tauc's plot was used to estimate the direct or
indirect band energy gap values (Eg) of ZnO NPs and
Agar/Kao@ZnO NC. Using Tauc's equation, the band
gap value of ZnO and Agar/Kao@ZnO NC was found to
be 3.50 eV and 2.10 eV. The reduction in the band gap
value from 3.50 eV to 2.10 eV can be attributed to the
contraction in the quantum confinement effect observed
in ZnO NPs embedded within kaolin matrix and immobi-
lized by agar biopolymer chains.

3.2 | Photocatalytic application

3.2.1 | Influence of DNP concentration

Figure 8a,b illustrates the influence of different DNP con-
centrations on the photocatalytic efficiency of the catalyst
and rate of degradation. The investigation involved using
20 ml of aliquot of DNP solutions ranging from 10 to
50 mg L' concentration, with 10 mg of catalyst in the
presence of a visible light source. It was observed that
the catalyst's performance exhibited an abnormal

Chemical Engineering‘%—Wl LEYJg—Of16

100 (b)

spradagion (%)

Degradation

[S=)
(=)
1

0 T T T T T

10 15 25 315 45
DNP concentration (mgL™")

(a) Effect of initial concentration of DNP (10-45 mg L™') and (b) %degradation by using 10 mg catalyst dose in the presence

behavior corresponding to %degradation as a function of
DNP concentration. Using UV-vis curve, %degradation
values of DNP for different concentrations as- 95.06%;
10 mgl ™', 97.65%; 15 mgl ™', 99.37%; 25 mgl ', 95.27%;
30 mgl’1 and 87.66%; 40 mglfl. Based on these results,
the DNP concentration of 25 mg L' was chosen to be

optimized concentration for further photocatalytic
experiments.
3.2.2 | Influence of dosage

The influence of catalyst dosage on the degradation of
DNP using BNC was examined at different catalyst dos-
ages. Figure S1(a-c) presents the UV-vis absorption spec-
tra for the photocatalytic degradation of DNP with
respect to the irradiation time, varying catalyst dose from
10 to 20 mg. Figure 9a, plot between C./C, and time (10-
50 min) is depicted for different catalyst dosages (10, 15,
20 mg) for 20 mg L™' DNP concentration. The results
obtained exhibited the photocatalytic efficiency of synthe-
sized material towards DNP, yielding degradation rates of
91.51% for 10 mg; 95.58% for 15 mg; and 99.45% for
20 mg of catalyst. It can be observed that with the
increase in the catalyst dose, the rate of DNP photodegra-
dation also increases. This phenomenon can be attributed
to the increasing number of active sites with higher cata-
lyst doses, leading to a greater degree of molecular inter-
action between the catalyst surface and DNP molecules
until the formation of adsorbate-adsorbent equilibrium.
Subsequent interaction with radiation falling on the sur-
face of the catalyst results in the formation of
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(a) C/C, graph with respect to time for the effect of different catalyst doses 10 mg, 15 mg, and 20 mg on 2,4-DNP and (b) C,/

C, graph with respect to time for the effect of different pH via 4, 6, 8 and 10.

photogenerated electron-hole pairs, which further gener-
ate reactive oxidant species (ROS) for the degradation
of DNP.

3.2.3 | Influence of pH

The influence of pH on the photocatalytic efficiency of
Agar/Kao@ZnO NC at different pH conditions i.e., 4,
6, 8, and 10 using 20 mg L™' DNP with 20 mg catalyst
dose for irradiation of 10-50 min. Figure S2(a-c) shows
the UV-vis absorption spectra for the photocatalytic deg-
radation of DNP at different pH values. As the irradiation
time increases, the absorption values continuously
decrease at each of pH values. Figure 9b presents the plot
of C/C, vs time (10-50 min) from various pH values. The
highest rate of degradation was achieved at pH 4
(99.26%) while the lowest at pH 8 (63.50%). This variation
of photocatalytic efficiency can be explained based on the
surface charge and point of zero charge (pHp,) of
the NC, which is obtained as 5.15 given in Figure S3. At
pH 2, surface will be highly positive, resulting in a repul-
sive force for OH," ionic form of DNP. Consequently, a
lower number of DNP molecules will accumulate on cat-
alyst surface, leading to reduced photocatalytic efficiency
(89%). At pH 4, the positive surface of catalyst will exert
an electrostatic force for phenolate anions, allowing the
maximum number of DNP molecules to accumulate on
the surface of the catalyst through adsorption-desorption
equilibrium, resulting in maximum photocatalytic effi-
ciency. At pH 6, the surface of the catalyst will be nega-
tive due to pH pzc value being 5.15 given in Figure S3,
leading to repulsive force for phenolate anions and thus
again reduced rate of DNP degradation (82.68%). Simi-
larly, at pH 8, the magnitude of repulsive force will be

greater, leading to a further decrease in photocatalytic
efficiency of the catalyst.

3.3 | Kinetics of photocatalysis

The kinetics efficiency of Agar/Kao@ZnO NC and its
individual constituents towards 2,4-DNP was evaluated
by taking 20 mg catalyst with 25 mg L' concentration of
2,4-DNP at pH 4 for an irradiation time of 50 min. The
obtained data was applied to the Langmuir-Hinshelwood
(L-H) pseudo first order model given by mathematical
equation (7, 8) was used>'

(7)

t1/2 =T (8)

where Cy and C, represent the initial and final concentra-
tion of 2,4-DNP, k; is the rate constant and t,, is half-life
period.

Figure 10a presents the C,/C, vs irradiation time
graph for 2,4-DNP with respect to various reaction condi-
tions like (i) DNP + light (photolysis) (ii) DNP
+ Catalyst+ no light (adsorption) (iii) Cat+ DNP + UV
light (iv) Agar + DNP + vis light (v) Kaolin + DNP + vis
light (vi) ZnO + DNP + vis light and (vi) Cat+ DNP
+ vis light. In the case of photolysis, the rate of DNP deg-
radation was negligible (1.70%), indicating that DNP does
not degrade spontaneously under visible light without a
catalyst. During the adsorption process, the material
exhibited some extent of adsorption (28%), attributed to
the presence of -OH group functionalized biopolymer
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TABLE 2 The pseudo-order reaction with kinetic parameters for the photodegradation of DNP dye by Agar/Kao@ZnO NC.
S.N. Catalyst Rate constant (k;) (min ) Half-life t,,, (min) R’
1 Agar/Kao@ZnO + UV 0.012 57.75 0.991
2 Agar gum +Vis 0.0049 141.43 0.977
3 Kaolin + Vis 0.011 63.00 0.976
4 ZnO + Vis 0.019 36.47 0.987
5 Agar/Kao@ZnO + Vis 0.061 11.36 0.991

chains and interlayer gallery of the nanoclay kaolin. This
adsorption process aids in the adhesion of electrically
charged DNP molecules to the catalyst surface for subse-
quent photodegradation.

When subjected to UV light irradiation, the synthe-
sized material demonstrated appreciable DNP degrada-
tion (41%) with an apparent rate constant value of
0.012 min~' and half-life value of 57.75 min. The photo-
catalytic reaction rates of the Agar/Kao@ZnO NC and its
constituents like agar, kaolin, and ZnO were observed
toward DNP under visible light and results are summa-
rized in Table 2. It can be seen from Figure 10a,b and
Table 2 that synthesized material Agar/Kao@ZnO NC
exhibited a higher rate of degradation towards DNP (99%)
as compared to its individual constituents' agar (24%),
kaolin (45%), and ZnO (66%). The apparent rate constant
(k1) was found to be 0.0049 min ' for agar, 0.011 min '
for kaolin, 0.019 min~! for ZnO, and 0.061 min—' for
Agar/Kao@ZnO NC with half-life time (t1/2) of
141.43 min, 63.00 min, 36.47 min, and 11.36 min, respec-
tively. The kinetic results suggest that blending of ZnO
with kaolin and agar results in enhanced photocatalytic
activity of the semiconductor material.

3.4 | Determination of ROS and
reusability test

Reactive oxidant species (ROS) such as O, ", "OH, h™,
and e are crucial in the photodegradation of organic
pollutants, transforming them into non-toxic compounds.
The trapping experiments were performed by taking
10 ml DNP aliquot of 25 mg L' concentration at pH 4
for 50 min with a catalyst dosage of 20 mg in the pres-
ence of a visible light source. To determine the role of
specific ROS in DNP degradation, solutions of each scav-
enger were prepared at a concentration of 2.15mM differ-
ent scavengers are isopropyl alcohol (IPA as "OH),
Benzoquinone (BQ as O, °), acrylamide (AA as e™), and
EDTA (EDTA as h™*). Figure 11a presents the results
obtained after photocatalytic reaction. It is evident that
there is negligible change in the photodegradation of
DNP in the presence of AA, EDTA, and BQ suggesting
no involvement of e, h*, and O, ROS in DNP degrada-
tion. However, the presence of IPA quenched the photo-
degradation efficiency from 99.53% (blank) to 65.6%
(IPA) indicating that "OH radicals play a primary role in
the photocatalytic degradation of DNP.
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stability of synthesized material at the optimum value of reaction for DNP.
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SCHEME 1

The reusability experiment was executed to assess the
stability of Agar/Kao@ZnO NC material. After complet-
ing the photocatalytic degradation of DNP, material was
collected, washed with absolute ethanol, and deionized
water, and dried in a hot oven. It was subsequently
reused to evaluate its photocatalytic efficiency. The reus-
ability experiment was carried out under optimized con-
ditions, including a DNP concentration of 20 mg Lt
time of 50 minutes, and catalyst dosage of 20 mg, at pH 4
in the presence of a visible light source. This experiment
was repeated for five consecutive cycles, and the results
are given in Figure 11b. It was found that a very apprecia-
ble change in the photocatalytic efficiency of the synthe-
sized material occurred even after five cycles of reuse.
These results suggest that the synthesized material
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Plausible mechanism representing the photocatalytic degradation of DNP by Agar/Kao@ZnO NC.

exhibits high stability and efficient towards the degrada-
tion of DNP under the optimized reactionconditions.
XRD analysis of the material was done after photocataly-
tic experiments and the results are given in Figure S4. It
can be seen from the XRD spectra that there is no change
in solid structure of the material even after five cycles of
consecutive reuse. This emphasize that material is highly
stable towards photocatalytic treatment of DNP.

3.5 | Mechanism of degradation

The mechanism of DNP by Agar/Kao@ZnO NC under
visible light irradiation has been given in Scheme 1. Mul-
liken's electronegativity theory was used to calculate the
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TABLE 3 Comparison data of present study with literature.
Material Light Concertation Time (min) Dosage Degradation (%) References
ZnO/RGO Visible 10 ppm 75 30 mg 90.00 4
ZnO NPs uv 20 ppm 60 25 mg 84.42 >
AgzP0O,/TiO, uv 10 ppm 60 1g/1 96.10 50
Bi,0; nanowires Visible 2 ppm 300 NA 90.00 36
Ag,CO;/PSGCN Visible 1x107*M 120 0.5 mg/ml 98.00 57
Agar/Kao@ZnO Visible 25 ppm 50 20 mg 99.63 Present study

potentials of VB and CB of the synthesized material by
using the following equations™:

Evg=)—E® 4+0.5x E, (9)

Ecp =Evp —Eq (10)

where y is Mullikens electronegativity, E© is the energy
of the free electron (4.5 eV), E, (energy bandgap of mate-
rial obtained through Tauc's plot). Using equation (8, 9),
the wvalence band (VB) and conduction band
(CB) potentials of the material were found to be 2.71 eV
and 0.13 eV, respectively. Since the CB potential of the
synthesized material is lower than the reduction potential
of oxygen (E¢[O,/O, — «] = —0.33 eV/NHE) suggesting
its inability to produce O, — « radicals. While the VB
potential of the material is 2.71 eV is higher than that
oxidation potential of water ie. (Eo[H,O/OH']
= 2.33 eV/NHE) which can easily oxidize water mole-
cules to hydroxyl radicals. The mechanism of photocata-
lytic degradation of DNP has been explained in
Scheme 1. The material upon irradiation of light
undergoes excitation by transferring electrons from VB to
CB resulting in the formation of a photogenerated
electron-hole pair. The electron in CB of the material
having lower redox potential than the reduction potential
of oxygen does not interact with surrounding oxygen to
induce O, — » radicals. This is also supported by the scav-
enger experiment which shows no involvement of O, —
radicals in DNP degradation. The holes (h™) in VB of
materials having oxidation higher than oxidation proten-
tional oxidation potential of water vs NHE interacts with
surrounding water molecules resulting in the generation
of highly reactive "OH radicals which react with DNP
molecules and degrade them into nontoxic entities like
CO, and H,0. Importantly, the directional migration of
photogenerated electrons and holes in the Agar/
Kao@ZnO NC effectively prevents charge carrier recom-
bination, thereby enhancing photocatalytic activity. The
proposed reaction mechanism has been supported by

liquid chromatography-mass spectra (LC-MS) analysis
given in Figure S5. The LC spectra show various peaks
indicating the formation of multiple side products at vari-
ous time intervals corresponding to a mass spectrum
composed of various side products of different masses.

The plausible mechanism involved in the photodegra-
dation of DNP by Agar/Kao@ZnO NC is as given
below™>;

Ager/Kao-@QZnO + hv — Ager/Kao
-@ZnO (hyz +egp)
Ager /Kao-@ZnO (hy) +H,0
— Ager/Kao-@QZnO+H" +" OH
DNP+* OH — CO, + H,0 + etc.

3.6 | Comparison data with literature
From the literature, based on the data presented in
Table 3, it can be concluded that Agar/Kao@ZnO NC
exhibited superior effectiveness in the photocatalytic deg-
radation of DNP compared to other synthesized mate-
rials. The comparison was made under various
parameters including light source, concentration, time,
dosage used, and percentage degradation.

4 | CONCLUSION

In the present work, ZnO NPs were doped in a kaolin
clay matrix and then surface functionalized by agar bio-
polymer using chemical coprecipitation and solvent cast-
ing methods. The FTIR analysis reveals that the
synthesized material is composed of surface hydroxyl
groups which assisted in electrostatic adhesion of dye
molecules under optimum pH conditions. The XRD anal-
ysis revealed that ZnO NPs have been successfully doped
in kaolin matrix with a Scherer crystallite size of
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2748 nm and 35.11% crystallinity. The XPS studies
revealed that each element involved in material forma-
tion exhibited the correlated chemical state with atomic
% of C (27.98%), O (37.22%), Al (5.62%), Si (10.71%), and
Zn (18.47%). The UV-Vis studies revealed that Agar/
Kao@ZnO NC was visible light active with a direct band-
gap value of 2.84 eV. The value of rate constant (k1) was
found to be 0.0049 min~' for agar, 0.011 min~" for kao-
lin, 0.019 min~' for ZnO, and 0.061 min~' for Agar/
Kao@ZnO NC, with corresponding half-life time (t,,,) of
141.43 min, 63.00 min, 36.47 min, and 11.36 min, respec-
tively. These kinetic results indicate that blending of ZnO
with kaolin and agar enhances photocatalytic activity of
the semiconductor material. The trapping experiment
revealed that hydroxyl radicals ("OH) act as reactive oxi-
dant species for the degradation of DNP under a visible
light source, which was further supported by LC-MS
results favoring the degradation mechanism of DNP by
‘OH radicals. Additionally, the material exhibited high
stability and efficiency over multiple uses for photocataly-
tic applications. The limitation of this work is that the
synthesized material was specifically efficient for DNP
only whereas there is a lot of harmful and toxic dye pre-
sent in the water bodies which needs treatment. So, in
the future, we are going to extend the applicability of the
synthesized material to multiple dye treatments and also
explore its antibacterial properties.
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