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a b s t r a c t
The modification of silica via incorporation of hydrated zinc oxide (HZnO) with different loadings 
was achieved using wet precipitation technique. After drying at room temperature, the obtained 
samples calcined at 105°C and characterized using X-ray powder diffractometer, scanning electron 
microscopy, electron diffraction X-ray, transmission electron microscopy, Fourier transform infrared 
spectroscopy and BET. The data of characterizations indicated the well-distributed HZnO parti-
cles inside the silicate matrix with average particle size were lower than the detection limit of some 
characterization instruments. Furthermore, the modification with HZnO led to a noticeable decrease 
in BET surface area and the energy band gap due to the occupation of ZnO for interstitial positions 
inside the silicate matrix. The modified samples were successfully utilized in the adsorption and 
photocatalytic degradation of Methyl green dye as one of the cationic hazardous organic pollut-
ants. The adsorption capacity of the sorbent catalyst was found to be 24.91 mg g–1, while complete 
degradation of the (2 × 10–4 mol L–1) dye was fulfilled in no more than 16 min. The influence of different 
experimental parameters as pH, temperature, concentration of the dye and dose of the catalyst was 
examined. The results obtained indicate that both adsorption and degradation of MG were a pH, dose 
and temperature dependent. The easiness of regeneration of the exhausted catalyst and its successive 
reuse confirmed remarkable economic efficiency.
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1. Introduction

Colors resulting from dyes and pigments widely affect
people’s lives all over the world. Organic dyes are used in 
many fields as in the pharmaceutical, textile, food, cosmetics, 
paint, plastics, ink, photography, electroplating and paper 
industries [1]. However, organic dyes are highly noxious, 
mutagenic and may significantly affect the photosynthetic 
activity. Dyes are known to have complex aromatic structures 

which increase their stability and make them more difficult 
to biodegrade [2].

Adsorption is undoubtedly the most important of the 
physicochemical processes responsible for the discharg-
ing of organic substances, especially dyes in the aqueous 
environment [3]. The wide use of adsorption is due to low 
costs, easiness of operation, and being a relatively fast pro-
cess [1]. However, adsorption is not effective in the complete 
elimination of the dyes. This is not the only drawback of 
adsorption especially when dealing with toxic materials but 
also adsorption might be a method for only accumulating 
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and transferring the pollutant from the aqueous state to 
the adsorbent surface. Also, saturation of the adsorption 
sites acquires replacing adsorbents continuously. The used 
adsorbents should be regenerated for recycling, which, if 
applicable usually needs thermal energy [4] which decreases 
the economic efficiency of the adsorption process. Therefore, 
various advanced oxidation processes (AOPs) have been 
focussed by researchers in the last decades in order to sup-
port the oxidation of stubborn pollutants, as it is considered a 
destructive technique through the creation of highly reactive 
hydroxyl radicals (•OH) [5].

Semiconductors such as ZnO, TiO2, CdSe and SnO2 
have captivated focus due to their versatile applications 
in the photocatalysis, photoluminescence and optoelec-
tronic industries [6]. Among these semiconductors, ZnO 
has attracted lots of attention in photocatalytic applications 
due to its high photosensitivity and stability in degrading 
miscellaneous hazardous materials [7]. Synthesis of ZnO 
as nanoparticles improves its performance in any surface- 
associated application including heterogeneous catalysis. 
However, the particle size is not the only influence improv-
ing performance but also their structural uniformity, total 
surface area and porosity [8].

However, two important problems arise due to aggre-
gation of the nanoparticles as a result of the large surface- 
to- volume ratio of particles which is always accompanied 
with considerable increases in the surface free energy [9]. The 
other problem is the separation of the photocatalyst from the 
treated suspension as it represents an obstacle toward the 
practical application [4]. In order to resolve these problems, 
the photocatalytic nanoparticles (e.g., ZnO) can be immobi-
lized on the high surface area supports which appears to be a 
successful approach.

Different materials such as perlite, silica, fly ash, zeolites 
activated carbons and clays have been used for this purpose 
[5]. Although silica is known to be an inert material it can be 
doped with metal ions both in the silica matrix as well as on 
the surface or may be functionalized with organic molecules 
via covalent linkages [9]. Silica gel can be used as a bottom 
bed in order to obtain granular photocatalyst adsorbent 
with high physical strength in water, scratch-proof charac-
teristics, chemical stability, dynamic resistance, durability in 
addition to low cost and the high surface area [10]. Besides, 
silica-coated nanoparticles are easy to centrifuge during 
preparation. These properties make silica a convenient mate-
rial for metal oxide shielding and functionalization [11]. 
In addition, modification by such transition metal oxides is 
considered one of the most efficient methods for reducing 
electron–hole recombination [5] and can be regenerated if 
required [10].

In the current study, we establish a novel, bi-functional 
material which gathers the advantages of efficient adsorbents 
and high degradation power of photocatalysts. The photocat-
alyst adsorbent Si–HZnO possesses salient characteristics of 
large surface area nanoparticles, chemical stability, durability 
and low cost. These distinguished characteristics allow for 
the rapid elimination of the stubborn organic dyes such as 
methyl green (MG), and for the photocatalytic regeneration 
of saturated adsorbents under light conditions. Moreover, 
the loaded ZnO is strongly linked into the silica matrix which 
prevents its dissolution during the degradation reaction.

2. Materials and methods

2.1. Materials

Methyl Green dye (MG) with the molecular formula 
C27H35Cl2N3·ZnCl2 and 98% purity (C.I. 42590), sodium 
hydroxide, zinc nitrate, H2O2 (30%) and hydrochloric acid 
were purchased from Merck (USA). High-purity silica gel 
(pore size 60 Å); (mesh size 70–230) was purchased from 
Sigma-Aldrich (USA). AR grade was used as received 
without further purification.

2.2. Synthesis of Si–HZnO

50 g of pure silica gel was mixed by shaking with 5% 
(wt.) NaOH for 10 min. The mixture was washed with dis-
tilled water several times. A portion of 0.5 g zinc nitrate 
solution was added to the washed mixture, dried at 105°C 
for 4 h [10–12]. This preparation has been given the name 
Si–HZnO-I. The same procedure was repeated four times 
using different doses of ZnNO3

.2H2O (1, 1.5, 2 and 2.5 g) 
to prepare another four different loadings of hydrated zinc 
oxide resulting in a series of catalysts which will be treated as 
Si–HZnO-II till Si–HZnO-V.

2.3. Catalyst characterization

2.3.1. Morphological characterization of Si–HZnO

Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) are used to study the morpholog-
ical features and structure of the micro and nanomaterials. In 
this study, the morphology and arrangement of the synthe-
sized nanoparticles were performed using SEM (FEI, ISPECT 
S50, Czech Republic). SEM was operated at 20 kV and work-
ing distance around 10 mm. The samples were mounted 
on a metallic stub with a double-sided adhesive tape. For 
TEM, the synthesized samples were dispersed in ethanol, 
sonicated for 5 min and deposited onto TEM grids having a 
carbon support film. TEM grids were mounted into the TEM 
upon evaporation of water in air. A TEM, FEI, Morgagni 268, 
Czech Republic at 80 kV was used to record the images of the 
specimens.

Electron diffraction X-ray (EDX) analyses were performed 
using energy dispersive X-ray fluorescence spectrometer, 
EDX-8000 (Shimadzu, USA), and with an X-ray tube with 
Rh target voltage/current 4–50 kV/1 to 1,000 μA.

2.3.2. Structural characterization

The crystalline structure of the developed phases was 
assessed by Shimadzu (USA) X-ray powder diffractometer 
(XRD) with Cu Kα radiation (λ = 1.5418 Å) at a scanning 
speed of 0.2 S. The applied operating voltage and current 
were 40 kV and 40 mA, respectively.

The Brunauer–Emmett–Teller (BET) surface area was 
determined on the basis of the volumetric nitrogen adsorp-
tion on a Nova 1200 of the Quantachrome Corporation, 
Florida, USA. The surface area, total pore volume and 
micro pore volume were determined by multi-point BET, 
t-plot and DR (Dubinin–Radushkevich), respectively.

Zeta potential was measured using the Zetasizer (Malvern 
Instruments, UK) at 633 nm and a 173° backscattering angle 
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at a fixed refractive index of the respective formulations to 
assess nanoparticles stability.

Solid spec-3700-UV spectrophotometer (Shimadzu, USA) 
was used at a resolution of 64 nm. Solid disc prepared to iden-
tify bonding energy gap of each silica gel modified catalyst.

Fourier transform infrared (FTIR) spectra were recorded 
using Shimadzu (USA). The spectra were taken at 4.0 cm–1 
resolution. 64 scans were accumulated to obtain a reasonable 
signal to noise ratio. The FTIR spectra were obtained in the 
wave number range 400–4,000 cm–1.

2.4. Determination of Zn Content and MG concentration

2.4.1. Measurements of MG concentration and TOC in the 
synthetic wastewater

Determination of MG was performed by measuring the 
absorbance water containing MG samples at λmax = 631 nm 
using a UV–Vis Double PC 8 Auto Cell Scanning 
Spectrophotometer UV–Vis double beam (Model UVD-3000).

Total organic carbon (TOC), total carbon (TC), inorganic 
carbon (IC), total nitrogen (TN) was monitored using a 
Shimadzu TOC-L analyzer, USA.

2.4.2. Measurements of Zn content loaded on silica

Total loaded Zn was carried out using Shimadzu (USA) 
atomic absorption spectrophotometer with graphite furnace 
accessories (Model AA-7000). The zinc content of silica was 
estimated through the treatment of 0.1 g of all samples with 
10 mL concentrated (2 M) HCl to leach out the precipitated 
zinc hydroxide before analysis with AAS.

The analysis carried out for the determination of loaded 
zinc ions indicated 0.98 to 6.18 mg Zn/g Si in the five different 
loadings.

2.5. Adsorption studies

Adsorption measurement was determined by batch 
experiments by mixing 0.15 g of Si–HZnO-II with 100 mL 
solution of methyl green of 6, 12, 18, 24, 36, 45 and 70 mg L–1 
concentrations followed by mechanical stirring using a 
shaker incubator at 200 rpm. No pH adjustment was done 
in any of the cases. Mixtures were taken from the shaker 
at appropriate time intervals and the concentration of the 
methyl green solution left was estimated. The amount of MG 

adsorbed at equilibrium per unit mass of modified, qe, was 
calculated by:

q
C C
m

Ve
e=
−

×0  (1)

where V is the volume of MG solution in L; C0 and Ce are the 
initial and the equilibrium concentrations in mg L–1, respec-
tively; and m is the mass of adsorbent in g. Kinetic experi-
ments were performed by placing 0.15 g sorbent into flasks 
containing 100 mL of MG solution (70, 24 and 12 mg L–1) at 
20°C and 200 rpm shaking speed. At suitable time intervals, 
5 mL of sample was withdrawn and the amount of MG was 
determined by the spectrophotometer.

2.6. Photocatalytic degradation test

All batch experiments for MG photodegradation by the 
synthesized photocatalyst Si–HZnO was conducted with 
different doses of the catalyst suspended in synthesized 
MG dye solution, under permanent mechanical stirring and 
a constant flow of bubbled air, subjected to UV irradiation 
by immersing 6 W Hg lamp (254 nm) within the photoreac-
tor, where a total radiant flux (20 MWcm2) was applied. The 
radiation flux was measured with a UV radiometer (Digital, 
UVX, 36). All measurements were performed at 25°C. At dif-
ferent time intervals, an aliquot was withdrawn which was, 
subsequently, filtered through 0.45 μm (Millipore) syringe 
filter. Absorption spectra were recorded, and the rate of 
decolorization was observed in terms of change in intensity 
at 631 λmax of the MG dyes. Similar experiments were carried 
out by varying the pH of the solution (pH 3–9), the initial 
concentration of MG dye (50 mg L–1), and the catalyst dose 
1.5 g/100 mL.

3. Results and discussion

3.1. Si–HZnO characterization

3.1.1. X-ray diffractometer

X-ray diffraction patterns of the parent silica gel and the 
ones modified with different Zn contents are shown in Fig. 1. 
An amorphous structure of the synthesized Si–HZnO sam-
ples is obtained as indicated from the different patterns with 
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Fig. 1. XRD patterns of silica gel and modified Si–HZnO samples.
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no diffraction lines. The obstruction to detect ZnO species 
may be assumed to either of, the lower amounts of Zn resid-
ing on the surface which is below the detection limit of the 
instrument or may be attributed due to occupation of ZnO 
an interstitial positions inside the matrix of the silicate [10].

3.1.2. Fourier transform infrared

Fig. 2 elucidates the FTIR spectra of Si–HZnO samples 
containing different ratios of Zn compared with the parent 
silica gel. The bands at 992, 854 and 412 cm–1 are observed in 
the parent silica gel which can be attributed to the different 
tetrahedral framework atoms vibrations in the silicate struc-
ture [10]. In general, the IR bands at 412, 854 and 992 cm–1 
corresponds to bending modes of Si–O–Si linkage symmetric 
stretching and asymmetric stretching, respectively [13]. While 
for optimal Si–HZnO modified samples, appearance of a new 
peak at 472 cm–1 in the modified sample no. 3 with increasing 
intensities in samples 4 and 5 besides the mentioned bands 
assigned to the formation of a zinc oxide phase on silica 
nanoparticles [14]. The strong absorption band emerged at 
428 cm−1 can be allocated due to Zn–O stretching mode of 
ZnO nanoparticles [15]. Furthermore, initial bands in silica 
nanoparticles at 992 cm–1 disappeared after introducing the 

ZnO into the silicate matrix, the intensity of another band at 
854 shifted and gets more broader indicating the formation of 
metal oxide on silica nanoparticles [16].

3.1.3. Scanning electron microscopy

Fig. 3a illustrates the images resulting from SEM. It elu-
cidates the morphology and recommends the particle size 
of the synthesized catalyst. The images show the HZnO 
particles scattered randomly all over the rough surface of 
the silica. The data indicated that reasonable portions of the 
loaded HZnO exist on the surface; however, the rest is hid-
den. This observation is reinforced by the EDX data, revealing 
high ratio of Zn recorded on the surface. The size of particles 
determined ranged from 22 to 39 nm. The particles are being 
granular with no other shapes [17].

3.1.4. Transmission electron microscopy

Fig. 3b illustrates the morphologies of Si–HZnO crystal-
lites and particles investigated by TEM. The light spots and 
areas in the obtained image represent the silica surface; how-
ever, the dim ones represent the loaded ZnO nanoparticles 
dispersed within the silica matrix. This can suggest that ZnO 
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Fig. 2. FTIR of silica gel, ZnO and modified Si–HZnO samples.
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Fig. 3. (a) SEM and (b) TEM images of modified Si–HZnO at different magnification.
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remarkably occupies inside the silicate matrix with a lower 
particle size that support its un-detection by XRD. The aver-
age particle diameter was found to be 10 nm, even though 
particles in the range of 6.5–23.5 nm are obviously scattered 
on the surface.

3.1.5. Electron diffraction X-ray

The EDX patterns of the synthesized silica samples 
modified with HZnO is shown in Fig. 4. The presence of 
Zn was quantitatively approved by energy dispersive X-ray 
analysis. The percentage of Zn varies from 1.14 to 20.1 in the 
different modified samples from Si–HZnO-I till Si–HZnO-V. 
The data indicated that only few moieties of the loaded 
zinc exist on the surface of the samples Si–HZnO-I and 
Si–HZnO-II; however, loaded Zinc increased on the surface 
from sample Si–HZnO-III till sample Si–HZnO-V.

The detected weight percentages are relatively consistent 
with the starting compositions of zinc cations introduced into 
the silica gel.

3.1.6. Energy band gap

The band gap of Si–HZnO-II sample was calculated by 
using formula E = hc/λ, where h is the Plank’s constant, c is the 
velocity of light and λ is the wavelength. A band gap narrow-
ing was exhibited, it was found to be 2.74 eV. The observed 
difference between the calculated band gap and the reported 
values [18] arises from embedding of the ZnO nanoparticles 
into the interstitial positions of the silicate matrix [19].

3.1.7. Surface area texturing

Measuring surface properties for the synthesized samples 
within P/P0 range between 0.4 and 0.6 [20] indicate that the 
obtained adsorption/desorption hysteresis loops are of type 
II and differs only in the upward deviation at the start of the 
isotherm (Fig. 5). The presence of upward deviation could 
reflect the nature of pores and the effect of loading process. 
Going through the isotherm, the flat region in the middle of 
the isotherm was considered as a sign of the monolayer for-
mation that was formed due to the capillary condensation 
of nitrogen inside the micropores. Furthermore, multilayer 

formation occurred at medium pressure levels, while at 
higher ones capillary condensation is formed. Additional 
loading of HZnO into silica gel as in Si–HZnO-V sample 
revealed type IV isotherm characterized by a long upward 
deviation hysteresis loop (at P/P0 = 0.32–0.84). On the other 
hand, at lower pressure the sharp rise in the knee indicates a 
high surface area as depicted in Table 1.

3.1.8. Zeta-potential of Si–HZnO

Zeta potential of the synthesized catalyst is studied to 
measure the magnitude of the electrostatic or charge repul-
sion/attraction between particles of the catalyst. The results 
of zeta potentials against pH values are illustrated in Fig. 6. 
The pHZPC of the catalyst was recorded at 4.8 and 5. From 
the determined values, it appears that the catalyst surface is 
negatively charged in a pH ranging from 3.0 to 9.0 which is 
considered a wide range with the exception of the narrow 
range of 4.8 < pH < 5 in which the catalyst surface appears to 
be positively charged. The high negative zeta potential (sur-
face charge density) values measured may indicate greater 
stability in dispersion and smaller probability of flocculation 
which may be attributed to repulsive force between particles 
[21]. These results recommend that adsorption of cationic 
dyes is easier on the synthesized catalyst [22]. As MG has 
cationic polar groups, they can be attracted to the adsorbent 
which carries a negative charge. Therefore, the electro-
static attraction forces have been involved in the adsorption 
mechanism [23].

3.2. Adsorption and catalytic activity of Si–HZnO

To have a full conception of the degradation process, the 
adsorption behavior of MG using the synthesized Si–HZnO 
was investigated at different experimental conditions to 
determine adsorption capacity of the catalyst as well as its 
surface properties.

3.2.1. Adsorption isotherm

The nature of the adsorption process could be suggested 
by studying the adsorption isotherm. Various isotherm 
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equations have been described, and three major isotherms, 
the Langmuir, Freundlich and Temkin isotherms [24], are 
applied to test the experimental data.

3.2.1.1. Langmuir isotherm

The Langmuir adsorption isotherm has been success-
fully applied for a wide variety of adsorption processes of 
cationic dyes [25]. It assumes that adsorption occurred to 
homogeneous sites in the absorbent [26]. It can be exhibited 
as follows:

q
q K C
K Ce

m L e

L e

=
+1

 (2)

where qm is the adsorption capacity representing the for-
mation of a complete monolayer and KL is the Langmuir 
constant.

The Langmuir isotherm model can also be given in a 
linear form as follows:

C
q q

C
q K

e

e m
e

m L

= × +
1 1

 (3)

The Langmuir isotherm is assessed to fit the experimental 
data; a linear plot is observed in Fig. 7. Langmuir constants 

(qm and KL) can be calculated from the slope and intercept of 
the plot and are presented in Table 2. Adsorption capacity 
(qm) was found to be 24.91 mg g–1 for the synthesized sorbent, 
Si–HZnO. Fitting the experimental results with Langmuir 
isotherm recommends monolayer adsorption.

Fig. 5. Nitrogen adsorption–desorption isotherms of samples.

Table 1
Changes in surface areas and pore characteristics of silica with reference to zinc loading

Sample Specific surface area (BET) m² g–1 Total pore volume cm3 g–1 Average pore diameter Å

Silica parent 587.4 0.256 17.4
Si–HZnO-I 311.4 0.133 17.1
Si–HZnO-II 297.2 0.128 17.3
Si–HZnO-III 295.3 0.127 17.1
Si–HZnO-IV 170.3 0.073 17.2
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Fig. 6. Zeta potential values against pH values of Si–HZnO-II.
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To test the favorability of adsorption, a dimensionless 
constant called separation factor (RL) was also calculated [26].

R
K CL
L

=
+
1

1 0

 (4)

where KL is the Langmuir isotherm constant and C0 is the ini-
tial metal ion concentration (mg L–1). The separation factor is 
a parameter which explains the isotherm as follows: RL > 1 
unfavorable, 0 < RL < 1 favorable, RL = 0 irreversible, RL = 1 for 
linear adsorption [27].

The value of RL for the present synthesized sorbent is in 
the range of 0–1, which confirms favorable uptake of MG 
by the Si–HZnO-II. This recommends that the equilibrium 
isotherms reasonably fitted well by the Langmuir isotherm 
model [28]. The adsorption process is considered to be a 
monolayer adsorption onto a surface with finite number of 
identical sites, which are homogeneously dispersed over the 
adsorbent surface [29].

3.2.1.2. Freundlich isotherm

It is an empirical representation for adsorption onto 
heterogeneous surface, which is in the form as follows:

K q CF e e
n= 1/  (5)

The linearized form of the Freundlich isotherm model is 
given as follows: [30]

log log logq K
n

Ce f e= +
1

 (6)

where Kf is the Freundlich equilibrium constant ([mg g–1]
[mg L–1]–1/n) which expresses the capacity of the adsorption 
and n indicates the intensity of adsorption, that is, the degree 
of nonlinearity between MG concentrations. A plot of log qe 
against log Ce results in a linear function, where 1/n and Kf can 
be calculated from the slope and the intercept; the results 
are summarized in Table 2. The value of 1/n gives an idea 
about the intensity of the adsorption. Favorable adsorption is 
reported for 0.1 < 1/n < 1 which is indicated in the adsorption 
of MG over the synthesized sorbent Si–HZnO-II [31]. The 
correlation coefficient R2 showed compatibility of the data 
obtained with Langmuir more than Freundlich.

3.2.1.3. Temkin isotherm

This isotherm assumes that the fall in heat of adsorption 
of all molecules in a layer is linear rather than logarithmic, 
as indicated in Freundlich isotherm [24]. According to the 
Temkin isotherm, heat of adsorption would decrease lin-
early with increasing surface coverage due to some indirect 
adsorbate/adsorbent interactions [32].

The linearized form of the Temkin isotherm is given 
below [33]:

q RT
b

A RT
b

Ce e=








 +









ln ln  (7)
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Fig. 7. (a) Langmuir isotherm for MG adsorption and (b) Langmuir isotherm for MG adsorption using linearized equation.

Table 2
Isotherm parameters and correlation coefficients calculated by 
various adsorption models onto 0.15 g of Si–HZnO-II in 100 mL 
of (36 mg L–1) dye, at room temperature

Isotherm Parameters

Langmuir qm (mg g–1) 24.91
KL (L mg–1) 0.07
RL 0.284
R2 0.992

Freundlich Kf (mg g–1)(mg L)–1/n 1.99
n 1.59
R2 0.899

Temkin A (L g–1) 0.599
b (kJ mol−1) 0.4275
R2 0.998
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where A is the Temkin isotherm equilibrium binding constant 
(L g–1), b is the Temkin constant related to the heat of sorption 
(kJ mol–1), R is the gas constant (0.0083 kJ mol–1 K–1), and T is 
the absolute temperature (K). Therefore, plotting qe vs. lnCe, 
and the values of both constants A and b were calculated 
from slope and intercept shown in Table 3. Typical bonding 
energy range for ion-exchange mechanism is reported to 
be in the range of 8–16 kJ mol–1 while physisorption pro-
cesses are reported to have adsorption energies less than 
−40 kJ mol–1 [24]. Value of b = 0.4275 kJ mol−1 calculated in the 
current study assumed that the adsorption process is likely to 
involve both chemisorption and physisorption [34].

The adsorption of MG on the adsorbent Si–HZnO was 
adequately described by the Langmuir isotherm, recom-
mended by the high R2 values. It confirms the monolayer 
adsorption of MG onto Si–HZnO surface [35]. The maxi-
mum adsorption capacity (qm) calculated using the Langmuir 
isotherm was 24.91 mg g–1. The experimental data also fitted 
satisfactorily to the Temkin isotherm model, which assumes 
a linear decrease in the heat of adsorption of all the mole-
cules in the layer. This decrease may be attributed to the MG 
molecules repulsion and homogeneous distribution of MG 
into silicate matrix [36].

3.2.2. Adsorption kinetics

The investigation of reaction kinetics is of important con-
cern to get an idea about the behavior of both adsorbent and 
adsorbate and interaction of both of them.

The experimental data have been analyzed by the kinetic 
models, such as pseudo-first-order and pseudo-second- 
order. To predict and select the optimum conditions for the 
dye removal processes, full data on the kinetics of the dye 
uptake is required [20]. The Lagergren pseudo-first-order 
model [28] described the adsorption kinetic data.

log
log

.
q q

q K
e t

e−( ) = ( )× 1

2 303
 (8)

log (qe – qt) is plotted vs. t, in which the slope and intercept 
show the values of K1 (min–1) and qe, respectively. Moreover, 
the correlation coefficient R2 is almost low for most adsorp-
tion data presented in Table 3.

The pseudo-second-order model can be expressed as 
follows:

t
q K q

t
qt e e

= +
1

2
2  (9)

where K2 is the equilibrium rate constant of pseudo- second-
order adsorption (g mg–1 min–1). Values of qe and K2 were 
calculated from the intercepts and slopes of the linear plot 
of t/qt against t. The regression coefficients R2 are found to be 
greater than 0.991 among the concentrations used, and the 
calculated maximum adsorption capacity values of qe, which 
are relatively close to the experimental values. Thus, the 
adsorption of MG onto Si–HZnO indicates that the pseudo- 
second-order model best fitted to the kinetic data. The values 
of K2 and qe calculated are recorded in Table 3.

3.2.3. Thermodynamic parameters

The thermodynamic parameters were calculated from 
the experimental data obtained at different temperatures. 
The free energy change (ΔG°) of the adsorption can be given 
as follows:

∆G RT KL
ο = − ln  (10)

ΔG° is the Gibbs free energy of adsorption (kJ mol–1), 
R is the gas constant (8.314 Jmol–1 K–1), and KL is the equi-
librium constant depending on the temperature. Plotting 
ln K with 1/T showed a linear variation. ΔH° and ΔS° were 
obtained from the slope and intercept of the linear variation 
of ln K with 1/T. The thermodynamic parameters ΔH, and 
ΔS are calculated according to the Van’t Hoff equation [37] 
as follows:

lnK H
R T

S
R

=
−

× +
∆ ∆1  (11)

As several dye effluents are produced at relatively high 
temperatures; the temperature can be a determining factor in 
the real application of Si–HZnO. Temperature is a sign of the 
adsorption nature, whether it is an exothermic or endothermic 
process [38]. Increasing the value of K as illustrated in Table 4 
indicates that the adsorption rate of MG is increased upon 
rising the temperature [39]. The nonspontaneous behavior of 
MG adsorption could be assumed from the positive values 
of ΔG° recorded at different temperatures. The endothermic 
nature of adsorption is confirmed by positive value of ΔH 
which is consistent with previous studies on the MG adsorp-
tion [28]. The high value of ΔH 79.08 kJ mol–1 recommends 
chemisorption which may be supported by increasing the 
rate of adsorption upon rising the temperature. The posi-
tive value of ΔS indicates increasing randomness reflecting 
the affinity of the Si–HZnO toward methyl green species in 

Table 3
Adsorption kinetic parameters at different initial concentrations onto 0.15 g of Si–HZnO-II in 100 mL of the MG dye at room 
temperature 

Concentration (mg L–1) Pseudo-first-order Pseudo-second-order

K1 qe R2 K2 qe h R2

12.0 0.209 7.298 0.967 0.031 8.511 2.246 0.991
24.0 0.288 9.42 0.988 0.039 10.94 4.668 0.993
70.0 0.411 16.129 0.991 0.003 46.08 6.370 0.995
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aqueous solutions and may suggest some structural changes 
in adsorbents [40] under the studied conditions.

3.2.4. MG photolysis

Fig. 8a illustrates the obtained UV–Vis spectra of the MG 
solution against the irradiation time. The main absorbance 
peak at a wavelength of 631 nm was attributed to the chro-
mophore quinonoid to which this class of dyes belongs. The 
band decreased during the process of irradiation, indicating 
the decomposition of methyl green and the decolorization of 
the solution.

The stability of MG toward photodegradation using UV 
irradiation was investigated at different concentrations of the 
dye. Different degradation rates are revealed from the data 
indicating that the concentration of MG applied is a key fac-
tor in the degradation process. It is obvious from the data 
that the rate of degradation increases upon decreasing the 
dye concentration, as depicted in Fig. 8b.

To have a comprehensive idea about the reactivity of the 
synthesized catalyst in the degradation process of organic 
dyes in the bench scale, its catalytic activity was tested by 
changing the experimental conditions. Fig. 8c elucidates the 
degradation of MG dye in the absence and presence of the 
synthesized catalyst. About 90% degradation of MG dye of 
(120 mg L–1) depleted more than 35 min in the presence of UV/
H2O2 only as specified in Fig. 8c. The addition of Si–HZnO to, 
UV/H2O2 media exhibits an efficient degradation rate as com-
plete removal of MG from solution was achieved within less 
than 16 min, indicating more than 50% increase in the rate 
of degradation which suggests the synthesized catalyst is of 
economic feasibility.

3.2.5. Effect of pH on degradation

pH is one of the key parameters that could affect the rate 
of degradation and adsorption as a preliminary step for the 
degradation using heterogeneous catalysis. In addition to 
its critical effect on the degradation processes in the liquid 
phase, it might result in some possible changes in the mate-
rials used depending on the nature of the degraded stuffs. 
The degradation of MG increases steadily with pH as shown 
in Fig. 8d. Complete degradation of the dye was recorded 
in less than 2 min for pH values 7 and 8. The degradation 
rate is maximum at alkaline pH = 8 decreasing gradually till 
it reaches minimum degradation at acidic pH = 3. Similar 
behavior was illustrated previously for cationic dyes [41]. 
The high photocatalytic activity in alkaline medium could 
be attributed to highly dispersive small sized particles which 
have more available active sites [21].

The high negative zeta potential values for the Si–HZnO 
in the alkaline medium indicates high stability and nega-
tively charged structures as a result of oxygen atoms and/
or hydroxyl groups on the catalyst surface. This suggests 
that strong donor–acceptor electrostatic and hydrophobic 
interactions are established between MG cationic dye and 
Si–HZnO [23]. Subsequently, such degradation processes are 
accompanied by the neutralization of the negative surface 
charge of the catalyst by the positively charged π–electron 
system of the dye, thus confirming the chemisorption as 
rate determining step and key factor in the degradation 
process [42].

3.2.6. Effect of ZnO loadings

Undoubtedly that the amount of loaded ZnO/Zn(OH)2 
and the doses used is one of the important parameters 
speeding the degradation rate of MG but not absolutely. 
Fig. 8e shows an enhancement in the degradation efficiency 
concurrently with the increase in catalyst dose varying from 
0.05 to 0.25 g/100 mL of the dye. The results show 100% dye 
degradation at less than 2 min for a dose of 0.15 g/100 mL 
dye. Increasing dose than 0.15 g has a little effect on degra-
dation. Upon these results 0.15 g/100 mL was selected for 
further experiments as the optimum dosage. Similar results 
have been reported in the literature [43].

3.2.7. Temperature effect on degradation process

Fig. 9 represents the data obtained upon investigating the 
effect of temperature within the range from 20°C to 35°C, on 
the degradation rate of MG using Si–HZnO photocatalyst. 
The rise in temperature showed a slight effect on the deg-
radation rate with a maximum degradation rate observed 
at 35°C which reflects the endothermic nature of the 
degradation process of MG confirmed by the positive value 
of ΔH° recorded in Table 5. The complete disappearance of 
MG (50 mg L–1) within less than 2 min can be revealed from 
the data. The value of the activation energy Ea associated with 
the complete decolorization of MG is calculated from the plot 
of ln Kobs vs. 1/T (Fig. 9), according to the Arrhenius equation:

ln lnK
E
RT

Aa
obs =

−
+

∆
 (12)

The value of Ea calculated from Arrhenius equation is 
16.1 kJ.

The values of ΔS° and ΔH° can be calculated from the 
Eyring equation [41]. By plotting lnKobs/T vs T in Fig. 9, a 

Table 4
Thermodynamic parameters for adsorption of MG on Si–HZnO-II

Temperature

Thermodynamic parameters

KL (L mg–1) lnKL ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J K–1 mol–1) R2

288 0.0236 –3.746 9.31 79.08 243.192 0.998
293 0.0382 –3.264 8.08
303 0.119 –2.128 5.358
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linear plot was observed from which ΔS° and ΔH° can be 
calculated. ΔG°, the Gibb’s free energy can be evaluated using 
Eq. (10). The spontaneous nature of the decolorization of the 
MG using Si–HZnO is indicated from the negative calculated 
values of ΔG° for the reaction (Table 5). The positive value 
of ΔS° recommends the increased randomness during the 
decolorization process.

3.2.8. Degradation kinetics

The experimental data of the photocatalytic process 
are illustrated by the pseudo-first-order kinetics simula-
tion. As shown in Fig. 10, a plot of ln (C0/Ct) against time 
of irradiation displays a straight line with linear correlation 
coefficient (R2) equal to 0.997. It is obvious that all reactions 
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follow first-order kinetics and the apparent rate constants 
calculated from the slopes of the straight lines indicate that 
the rate of degradation is directly proportional to the initial 
concentration of MG. Similar behavior has been reported for 
other photocatalysts [12].

3.3. Total organic carbon analysis 

TOC analysis suggested that the products of the decol-
orization process are H2O, CO2, and NO2. This could be 

confirmed from the measured parameters represented in 
Table 6 which indicated a steep decrease in the TOC and 
TC values. The nitrogen content of the dye disappeared, 
indicating the breaking of C=N bond in the dye. The presence 
of CO2 is indicated by the increase in the IC content after 
degradation. Similar results were recorded in literature [44].

3.4. Photocatalytic regeneration of Si–HZnO

At the end of degradation process, we noticed that the 
catalyst color was changed from white to blue due to adsorp-
tion of MG dye on it is surface. So, it is necessary to get rid 
of that dye in order to maintain the activity of the catalyst. 
There have been many attempts to reactivate the catalyst and 
the most successful is to expose the catalyst to 254 nm light 
source after a dip in 10 mL of solution containing 10 m H2O2. 
Complete decolorization and recovery of the exhausted cat-
alyst was achieved after 5 min of illumination. The complete 
regeneration of the exhausted catalyst after degrada-
tion and adsorption of MG on its surface was successfully 
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Fig. 9. (a) Plot of ln K vs. 1/T for the degradation process and (b) plot of ln (Kobs/T) vs. 1/T for degradation process.

Table 5
Calculated thermodynamic parameters for the effect of temperature on the degradation of MG using Si–HZnO

Temperature

Thermodynamic parameters

Kobs min–1 ln Kobs ln(Kobs/T) ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J K−1 mol−1) R2

293 1.6996 0.513 –5.168 –1.249
298 1.8492 0.615 –5.082 –1.523 14.31 53.13 0.991
303 2.035 0.678 –5.003 –1.707
308 2.338 0.850 –4.881 –2.175
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Fig. 10. ln (C0/C) vs. time for the photodegradation of MG at 
different concentration of the dye.

Table 6
TOC parameters for MG before and after degradation

Parameter 
measured

MG dye before 
degradation (ppm)

MG dye after 
degradation (ppm)

TOC 22.64 0.659
TC 23.12 1.287
IC 0.4773 0.628
TN 2.024 0.000
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accomplished and the catalyst color was turned white again 
and reused efficiently for four successive cycles (Fig. 11).

However, it was not the case for the SiO2 sample satu-
rated with the dye as its blue color did not alter; Since SiO2 
has no photocatalytic activity, it can only act as an adsorbent, 
and the adsorption capacity of SiO2 saturated by MG cannot 
be photocatalytically recovered [4].

4. Conclusion

The current work indicates that although modification of 
silica gel with ZnO species could be utilized for the removal 
of MG dye via adsorption, the removal is achieved more effi-
ciently through photodegradation. The results demonstrated 
that the ZnO species are well distributed inside the silicate 
matrix with average particle size lower than the detection 
limit of XRD. This distribution led to lowering the BET sur-
face area due to the location of ZnO species in the silicate 
matrix. The data also reflect that the degradation process 
is pH and temperature dependent with increasing removal 
rate at higher pH and temperature values. Furthermore, the 
exhausted catalysts were exposed to successive regeneration 
and reuse. Future work will investigate the photocatalytic 
application of Si–HZnO in effluent water treatment in the 
presence of solar energy.
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