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KEYWORDS Abstract The photodegradation efficiency of cellulose-X/zinc oxide-Y (CA-X/ZnO-Y) aerogels
Photocatalysis; was studied to degrade methyl orange (MO) as an organic dye pollutant from an aqueous solution
Methyl orange: under UV light irradiation. In this study, the initial pH of the solution (3, 7, and 11), the photocat-
Cellulose; alyst dosage (3, 6, and 9 g L"), the initial concentration of solution MO (10, 20, and 30 ppm), and
Zinc oxide; the concentration of cellulose in CA-X/ZnO-Y hybrid aerogel (3, 6, and 9 wt%) were selected as
Statistical analysis; four variable parameters, whereas the photoderadation performance was selected as the response.
Response surface Moreover, the response surface methodology (RSM) analysis was carried out to investigate the
methodology influence of four various experimental factors at different times on the degradation of MO. The ade-

quacy result of the proposed models displays that total of the proposed models can predict the pho-
todegradation efficiency of MO by CA-x/ZnO-y aerogel. The optimization results of the process
showed that pH = 3 and concentration of MO = 10 ppm, photocatalyst dosage (9 g L), and
MCC concentration (9 g) are the optimal level of the studied parameters. Also, the results showed
that desirability of 0.96 confirms the acceptance and applicability of the model where the RSM

model is a helpful technique for the optimum conditions design.
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1. Introduction

Pollution of water sources with various dyes is a crucial subject
for the environment, which has harmful effects on human
health, aquatic life, and the environment, so the removal of
these pollutants is vital and necessary before entering the envi-
ronment (Panda et al., 2021). Numerous techniques have been
employed to remove the organic and inorganic contaminants
from water/wastewater, such as precipitation, coagulation,
ion exchange, reverse osmosis, membrane, electrochemistry,
electrochemistry, advanced oxidation processes, and etc.
(Singh et al., 2018; Kaykhaii et al., 2018; Dil et al., 2016).
Among these techniques, the heterogeneous photodegradation
technique is widely considered by researchers for the treatment
of water/wastewater (Ahmad and Alahmad, 2021; Malika and
Sonawane, 2021).

In the presence of various parameters, photodegradation
tests provide various outcomes. Thus, it is challenging to form
effective models for optimal photodegradation -efficiency
(Ahmad and Alahmad, 2021). In the last few years, response
surface methodology (RSM) has been commonly used to opti-
mize and study the interaction factors between the affecting
independent parameters in chemical processes. The RSM sta-
tistical method is suitable for scheming the tests based on
building models. This also estimates the influences of numer-
ous parameters and decreases the number of required tests to
transfer out the process (Senobari and Nezamzadeh-Ejhieh,
2020; Asfaram et al., 2016; Alipanahpour Dil et al., 2017). Var-
ious experimental plans, such as 3* factorial, Dochlert, Box—
Behnken, and central composite design (CCD) have been
employed for estimation these processes (Khataece et al.,
2011). Among these models, CCD is the most common
method. The CCD is employed to control the optimize condi-
tions and influence of every independent variable, which is
considered the best main advantage of this statistical method
(Nasiri et al., 2021; Asfaram et al., 2018; Asfaram et al.,
2018). Numerous studies have been used CCD-based RSM
to optimize the photodegradation efficiency of organic and
inorganic pollutants from aqueous solutions using
photocatalysts-based aerogels and nanoparticles (Senobari
and Nezamzadeh-Ejhieh, 2020; Qiu et al., 2021; Chaker
et al., 2021; Zimmermann et al., 2020; Nadeem et al., 2021;
Deriase et al., 2021; Younis et al., 2021). Roosta et al.
(Roosta et al., 2015) investigated the effects of various factors
such as sonication time, pH, adsorbent dosage and initial dyes
concentrations on the dyes removal and optimized using CCD.
Their results showed that a good agreement between experi-
mental and predicted data was observed using optimal model.
Alipanahpour Dil et al. (Alipanahpour Dil et al., 2017) inves-
tigated the effect of factors such as pH, extractor volume, dis-
perser value and extraction time contribution on the removal
of crystal violet (CV) and azure b (Az-B) and their numerical
coefficient in quadratic model were calculated according to
CCD. In another work by Afsaram et al. (Asfaram et al.,
2016), effective variables were optimized according to RSM.
They showed that the dye removal (100%) was achieved in
temperature 25 °C, 24 h, pH 7 35 mg L' of malachite green
(MG) concentration.

Aerogels are also a new topics in the dye removal which
motivated the researchers to work on them widely due to their
advantages and efficiencies. Anatase titania/Cellulose Aerogels

were fabricated via a hydrothermal treatment by Wan et al.
(Wan et al., 2015), and employed its performance on the pho-
tocatalytic degradation of rhodamine B and MO. In another
work on cellulose aerogel by Jiao et al. (Jiao et al., 2018),
Fe;04@cellulose aerogel nanocomposite was synthesized
using a facile hydrothermal method and investigated its appli-
cation in the degradation of Rhodamine B. Jiao et al. (Jiao
et al., 2015) successfully prepared anatase TiO,/cellulose
(ATC) hybrid aerogel by immersing of cellulose hydrogel in
anatase TiO, nano sol solution. Their results indicated that
synthesized hybrid aerogel exhibited the excellent photodegra-
dation of indigo carmine dye under UV light irradiation. This
improvement in the degradation was attributed to the excellent
dispersion of anatase TiO, in cellulose aerogel. In another sim-
ilar study, Magnetic MnFe,O4-Cellulose aerogel composite
was prepared via dipping cellulose hydrogel in Fe*"/Mn>"
metal ion solution by Cui et al. (Cui et al., 2018). Then, they
applied the effect of kinetics and thermodynamics of Cu(II)
adsorption for as-synthesized composite.

Ma et al. (Ma et al., 2019) fabricated a type of hybrid aero-
gel via dipping bacterial cellulose aerogel in metal-organic
framework nanoparticles solution, and investigated the
removal efficiency of the composite for Pb>" ion. Nano-Ag/
cellulose (NAC) aerogels were prepared through a two-step
method, including first immersion of cellulose hydrogel in
aqueous AgNO; and then aqueous NaBH,; for 3 h and
10 min, respectively, by Wan et al. (Wan et al., 2016). Chong
et al. (Chong et al., 2015) synthesized CaCOj3-decorated cellu-
lose aerogel via soaking of cellulose aerogel in CaCl, aqueous
solution for 24 h and then a mixture of Na,CO5; aqueous solu-
tion for 24 h. They showed that as-prepared composite aerogel
exhibited the adsorption efficiency of Congo Red (CR) from
aqueous solution.

In the present study, we investigated the effect of various
concentrations of cellulose (3-9 wt%) on morphology, pore
volume cellulose/ZnO hybrid aerogel. Also, the effect of vari-
ous parameters such as pH, dye concentration, and cellulose
concentration were studied on the photodegradation of MO
solution. The photocatalytic results show that the as-
prepared hybrid aerogel with concentration 9 wt% has the
most performance (98%) for degrading MO and has high
strength after three cycles. Additionally, response surface
methodology (RSM) as a statistical tool was studied to
develop an optimization model of the photodegradation of
MO onto cellulose-x/ZnO hybrid aerogel. The optimal results
showed that the most degradation of MO (98%) was obtained
at the concentration of 9 wt%, pH of 11, the degradation time
of 120 min, and concentration 10 mg/L.

2. Experimental

2.1. Materials

Different types of aerogels containing microcrystalline cellu-
lose and ZnO nanoparticles prepared in our previous work,
and are applied in the present study as photocatalyst
(Hasanpour et al., 2021). Briefly, the weight ratios of the initial
materials used to synthesis the samples are shown in Table 1.
The amount of microcrystalline cellulose in these photocata-
lysts is equal to 3, 6 and, 9 wt%, respectively. The concentra-
tion of Zn>" ions is equivalent to 0.4 mol L™ as a precursor to
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Table 1 Weight ratio (%) of microcrystalline cellulose and solvent system (wt/wt) used for dissolution.

Samples Purity (%) CA-3/Zn0-0.4 aerogel CA-6/Zn0-0.4 aerogel CA-9/Zn0-0.4 aerogel
Microcrystalline cellulose (gr) 99 3 6 9

NaOH (gr) 96 7 7 7

Urea (gr) 99 13 13 13

Distilled water (gr) - 77 74 71

form ZnO nanoparticles on the surface of the cellulose aerogel
matrix during the hydrothermal treatment for all of the
synthesized aerogel. These photocatalysts are coded as
CA-X/ZnO-Y aerogel (i.e., CA-3/Zn0-0.4, CA-6/Zn0O-0.4,
and CA-9/Zn0-0.4) aerogel, where X and Y are the weight
ratio of microcrystalline cellulose and the concentration of
Zn>" ions, respectively. In the present work, the dimensions
of the prepared aerogels are 2.5 * 0.5 cm?. The schematic of
CA-X/ZnO-Y aerogel prepared with different concentration
of microcrystalline cellulose is presented via Fig. 1.

2.2. Materials characterization

The as-prepared samples were characterized by field emission
scanning electron microscopy (FE-SEM) (TESCAN Vega3
Model) and Brunauer-Emmett-Teller (BET) (Belsorp mini
Model, Japan).

2.3. The photodegradation efficiency of as-prepared samples

The used dye organic pollutant is methyl orange (MO) to study
the photodegradation efficiency of as-prepared samples. To
achieve a typical photodegradtion activity of CA-X/ZnO-Y
aerogels, 100 ml of MO solution is poured into a beaker with
different concentrations (10, 20, and 30 ppm) and in certain
amount of synthesized photocatalysts (in the range of 3, 6,
and 9 g) at desired pH (3, 7, and 11). Then different as-
prepared samples (CA-X/ZnO-Y aerogel) were added during
separate experiments into dye contaminant. The tests for esti-
mation of the photodegradation are carried out under UV irra-
diation using an Hg vapor lamp (300 W) as the light source.
Before irradiation, the as-prepared solution was magnetically
stirred for approximately 3 h in the dark environment to
achieve the adsorption—desorption equilibrium between the
photocatalyst and MO to ensure that the photocatalyst surface
was soaked with MO molecules. Then, the solution is continu-
ously exposed to irradiation at intervals of 30 min, and 3 ml of
the solution was taken out, so its absorbance was measured
with a UV-vis spectrophotometer (Lambda EZ 201, Perkin

Elmer Company) at a wavelength of 464 nm. The degradation
efficiency of dyes was expressed in terms of decolorization and
mineralization. The decolorization performance of MO can be
evaluated according to the following Eq. (1):

Ag— A4,

Decolorization efficiency of MO (%) = A
0

C, -G

0

x 100 =

x 100 (1)

where A; and A, refer to the recorded absorbance at 464 nm
after and before irradiation, respectively. The amounts of
recorded A; and A, are ascribed to the concentration of MO
(Cy) after irradiation at time t and the initial concentration
of MO (C,) before irradiation (Hasanpour et al., 2021;
Hasanpour et al., 2021).

2.4. Experimental design

To evaluate the influence of key factors and also achieve the
optimum point of the efficient factors in the photocatalytic
degradation efficiency of MO using cellulose/zinc oxide aero-
gel, the experimental analysis was designed through Design
Expert Software, version 11 (DOE) software (Senobari and
Nezamzadeh-Ejhieh, 2020; Moztahida and Lee, 2020; Saghi
et al., 2020). Response surface methodology (RSM) is a set
of statistical and mathematical tools which are used for study-
ing the impact of independent parameters on the response and
fitting experimental models to reach the best system efficiency
(Bezerra et al., 2008; Azari et al., 2019). Additionally, RSM
was used to investigate the influence of single-parameter and
multi-parameter interactions and relations between effective
operation parameters of the degradation on the photocatalytic
degradation rate of MO to achieve the best conditions
(Shaykhi and Zinatizadeh, 2014). In this study, the influence
of four various parameters in three levels, pH (A), initial dye
concentration (mg/L) (B), photocatalyst dosage (C), the con-
centration of MCC (C), were studied (Table 2). In accordance
with RSM analysis, a total of 27 experimental runs were
considered as the empirical model. The main factors and the

Fig. 1

Schematic of as-prepared samples CA-X/ZnO-Y aerogel with different weight ratios of MCC. a) 3 wt%, b) 6 wt% and c) 9 wt%.
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variety of experiment design levels considered in this study are
presented in Table 2.

3. Results

3.1. Morphology of as-prepared samples

The surface morphologies of CA-3/Zn0-0.4, CA-6/Zn0-0.4,
and CA-9/Zn0-0.4 aerogels were investigated using FE-SEM
analysis and were presented at low and high magnification in
Fig. 2 (a and b), (c and d), and (e and f), respectively. As
revealed in Fig. 2 b, d, and f at high magnification (2 um),
the CA-X/ZnO-Y aerogels showed the existence of the three-
dimensional porous and network-like structure, which was
probably shaped during the freeze-drying method (Fig. 2 b,
d, and f). As shown in Fig. 2, ZnO rice grains-like were formed
on the porous structure of the cellulose aerogel matrix during
hydrothermal treatment. Furthermore, the FE-SEM images of
CA-X/ZnO-Y aerogels reveal the change of morphology and
structure of as-prepared samples with increasing the concen-
tration of cellulose from 3 to 9 wt%. From the FE-SEM
images, it can be obtained that the three-dimensional porous

Table 2 Low and high level values for independent variables.

structure of CA-X/ZnO-Y aerogel was reduced, and a closely
packed structure at a low concentration of cellulose (3 wt%)
(Fig. 2 b). This might be attributed to the closure of pores
by the growth of ZnO rice grains-like on the surface of cellu-
lose aerogel matrix. In contrast, the CA-9/Zn0-0.4 aerogel
exhibited a porous structure with more pores than
CA-3/Zn0-0.4 acrogel. Also, ZnO particles are uniformly dis-
tributed on the cellulose matrix with increasing the concentra-
tion of cellulose, which is a benefit of more adsorption and
degradation of MO dye molecule during the photodegradation
experiment.

3.2. Brunauer—Emmett-Teller (BET) and porosity
characterization

The nitrogen adsorption—desorption isotherm curve and BJH
pore size distribution curve of the as-prepared samples are
revealed in Fig. 3. Results corresponding to N, adsorption—
desorption curve in Fig. 3 a showed that the as-prepared
CA-X/ZnO-Y aerogels exhibited a type of IV isotherm (Luo
et al., 2018). The BET specific surface areas of CA-3/ZnO-
0.4, CA-6/Zn0-0.4, and CA-9/Zn0-0.4 aerogels are 104, 194,

Factors Symbol Unite Coded level

Low level Central point High level
pH A - 3 7 11
Initial MO concentration B mg/L 10 20 30
Phototcatalyst dosage C g/L 3 6 9
Cellulose concentration in sol-gel D g 3 6 9
Response Degradation efficiency of MO

Fig. 2

FE-SEM images of the surface of CA-X/ZnO-Y aerogel synthesized from various cellulose concentrations: (a-b) 3 wt%, (c-d) 6 wt

%, and (e-f) 9 wt%. Images of (b), (d), and (f) at higher magnification of (a), (c), and (e), respectively.
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and 352 m? g~ !, respectively. As shown in Fig. 3 a, the specific
surface area of CA-X/ZnO-Y aerogels decreases with the
decreasing concentration of cellulose. These decreasing in the
surface area could be attributed to block the pores of the aero-
gels due to overgrowth of ZnO rice grain-like during the
hydrothermal process in the lower concentration of cellulose.
These results confirm the influence of the concentration of cel-
Iulose on the morphologies and BET-specific surface area of
the CA-X/ZnO-Y aerogels. Also, the average pore size and
total pore volume of the as-prepared samples obtained from
the nitrogen adsorption—desorption analysis are presented in
Table 3. According to the presented results in Table 3, the
as-prepared samples are categorized as mesoporous materials
with an average pore diameter of 15-20 nm under the classifi-
cation of TUPAC (E et al., 2019). The results show that
CA-9/Zn0-0.4 aerogel has the maximum specific surface area
in the present study.

3.3. Optimization by analysis of RSM for the degradation
activity of MO

Based on the batch experiment, the influence of various
parameters such as pH of MO solution (A), the initial concen-
tration of MO dye pollutant (B), photocatalyst dosage (C),
and the concentration of MCC (D) on the photodegradation
performance of MO was investigated by the RSM. Using
Design of Expert 11 software, the tests were planned through
the CCD model to adjust the main operation parameters for
attaining maximum MO photodegradation rate in aqueous
solutions. The CCD matrix gained with 27 random arrays of
experimental runs besides the actual and predicted outcomes
as shown in Table 4. The highest degradation efficiency of
MO at time of 120 min was achieved about 99.15% for the
actual results with a residual of 3.41% approximately more
than the predicted value. The achieved results from the exper-

Table 3 Physical parameters of as-prepared samples.

0.03 4 = CA-3Zn0-0.4
b (b) —®— CAG/Zn0-04
i ~A— CA-Y/Zn0-0.4
A
|
0.02 4
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(a) The nitrogen adsorption/desorption curves and (b) the pore size distribution curves of CA-X/ZnO-Y aerogels.

imental study (Table 4) can be fitted with a quadratic model as
displayed in Eq. (2):

Degradation efficiency (%) = 135.44284 - 10.62716

x pH - 3.48931 x Cyo - 5.707965 x Dos

+ 111213 x Cwmcc + 0.067797 x pH

X Cpmo - 0.082240 x pH x Dos

-0.16807 x pH x Cycc + 0.079521 (2)
XCmo X Dos + 0.046271 x Cyo X Cymec

+ 0.574375 x Dos x Cycc + 0.45475

x pH? + 0.041409 x Cyo

+0.1912140 x Dos” - 0.10379 x Cyiee

The Eq. (3) is expressed with the actual values of the input
factors (pH, the concentration of MO (Cy0), photocatalyst
dosage (Dos), and the concentration of MCC (Cyicc)), their
interaction (pHxDos, pHXxCyce, PHXCyo, DosxChicces
DosxCymo, and CyicexCumo), and quadratic (pHZ, Dos?,
CRico, and Ciro) terms as a function of the degradation effi-
ciency (%) of MO to define the responsibility for practical
levels of each various parameters. The positive and negative
coefficients were shown in the above equation represent the
synergistic influence of the various parameters on the degrada-
tion efficiency (%) of MO. In contrast, the coefficients with
positive and negative values have a positive effect and an
adverse effect on the response, respectively.

The relationship among, normal, predicted, and actual
charts of the residual related to the experimental data in the
degradation performance of MO are shown in Fig. 4 using
CA-X/ZnO-Y aerogel. As shown in Fig. 4a and b, there is a
straight line for data scattering, representing that the experi-
mental data were dependent on the predicted values of the
response. Additionally, the curves of residuals versus run num-
ber and residuals versus predicted amount for the photodegra-
dation efficiency of MO were presented in Fig. 4c and d,

Samples Specific surface area (m?/g) Average pore size (nm) Total pore volume (cm®/g)
CA-3/Zn0-0.4 aerogel 104 17.218 0.448

CA-6/Zn0-0.4 aerogel 194 20.024 0.97

CA-9/Zn0-0.4 aerogel 352 15.458 1.36
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Table 4 Results of design of experiments by CCD with experimental and predicted values for the photodegradation performance of

MO.
Run No. pH Initial concentration Photocatalyst Concentration Degradation efficiency of MO (%) Residual

of MO (ppm) dosage (g) of MCC (g)

Observed Predicted

1 30 6 6 45.78 38.54 7.24
2 11 30 9 9 43.12 49.96 —6.84
3 3 30 3 9 68.34 62.42 5.92
4 7 20 9 6 49.72 45.30 4.42
5 11 30 9 3 25.65 22.50 3.15
6 11 10 3 3 42.65 37.96 4.69
7 3 30 9 3 51.21 50.27 0.94
8 7 20 6 6 40.27 40.44 —0.17
9 7 20 6 3 33.52 30.32 32
10 11 20 6 6 36.74 30.09 6.65
11 11 30 3 3 18.65 23.76 —5.11
12 3 30 3 3 43.43 47.58 —4.15
13 3 10 3 9 80.43 81.92 —1.49
14 7 20 6 6 39.8 40.44 —0.64
15 7 20 3 6 34.76 39.01 —4.25
16 3 10 9 3 65.54 65.77 -0.23
17 3 20 6 6 58.85 65.34 —6.49
18 3 10 9 9 99.15 95.74 3.41
19 11 10 9 9 54.87 49.06 5.81
20 3 30 9 9 82.76 85.79 -3.03
21 7 20 6 9 45.65 48.69 -34
22 7 10 6 6 43.54 50.61 -7.07
23 3 10 3 3 77.76 72.63 5.13
24 11 30 3 9 32.43 30.53 1.9
25 11 10 3 9 36.54 39.18 —2.64
26 11 10 9 3 19.54 27.16 -7.62
27 7 20 6 6 42.2 40.44 1.76

respectively. As seen in Fig. 4 ¢, the residuals versus run num-
ber plot show a random scattering nearby zero with a change
of £ 3.0. This outcome confirms that the data were usually
dispersed in the model responses (Song et al., 2020). Fig. 4d
also confirms that the difference of the studentized residuals
versus predicted has no individual form. Thus, it can be con-
cluded that the achieved residuals have the usual scattering
and the adequacy of the proposed model (Abolhasani et al.,
2019). As seen in Fig. 5a, from the Box—Cox plot for power
transforms, lambda value of nearly 1 proposes that no trans-
formation is recommended for the response of the photodegra-
dation efficiency of MO. Cook’s distance values lower than
0.50 (<0.50) validate that our model does not have effect
points (Fig. 5b) (Igwegbe et al., 2019).

3.4. Model selection

To choose a model and regression equations for the pho-
todegradation performance of MO, linear, two factors (2F),
quadratic, and cubic models were studied in order to predict
the results with suitable power. The matching of each model
was observed, and the results showed in Table 5. According
to the presented result in Table 5, both quadratic and linear
models are suggested as proper the models in the present work
to predict the photodegradation performance of MO due to
having a higher F-value than cubic and 2FI models. Among
these two models, the quadratic model is chosen as an opti-
mum model for the present study.

3.5. Analysis of variance (ANOVA) and model fitting

The model factors were investigated using the ANOVA analy-
sis. The purpose of this statistical analysis was to control the
individual and interactive effects of the factors on the pho-
todegradation performance of MO. This investigates were con-
firmed by ANOVA, and a quadratic model was proposed.
Furthermore, a quadratic model was applied to assist know
the significance of the factors and the differences in the model
obtained from statistics, which displayed in the model. In the
present study, the influence of four various parameters on
the photodegradation efficiency of MO was investigated
through ANOVA, and the results of the analysis ANOVA
are showed in Table 6. The quality of the quadratic model fit
for an estimate of photodegradation performance as the
response was studied by statistical evidence (Table 6), includ-
ing Fisher variation ratio (F-value), probability value (P-
value), and Lack of Fit (Jalali et al., 2019). Also, the degrees
of freedom (DF), the mean squares (MS), and the sum of
squares (SS) were computed. The Model F-value of 14.55
implies the model is significant. There is only a 0.01% chance
that a “Model F-value” could occur due to noise. Values of
“Probability > F” <0.0500 indicate that model terms are sig-
nificant. The results exhibited that the four terms A, B, D, and
CD are significant model terms, while the terms C, AB, AC,
AD, BC, BD, A2, B2, C?, and D? were no significant. Further-
more, values greater than 0.1000 indicate that the model terms
are not significant. If there are many insignificant model terms
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Table S Software reported values of the model for photodegradation efficiency using CA-X/ZnO-Y aerogel.

(a) Normal probability plot of the residual, (b) predicted versus actual amounts diagram, (c) residual versus run number, and (d)
residual versus predicated amount for the photodegradation performance of MO.

(a) Box—Cox versus Lambda plot for the Power transformation and (b) Cook'S Distance versus Run Number for the

Source Sum of Squares df Mean Square F Value P Value

Mean vs Total 63699.07 1 63699.07

Linear vs Mean 7944.94 4 1986.23 21.35 < 0.0001 Suggested
2FI vs Linear 747.78 6 124.63 1.53 0.2298

Quadratic vs 2FI 743.56 4 185.89 4.01 0.0271 Suggested
Cubic vs Quadratic 544.28 8 68.04 23.78 0.0041 Aliased
Residual 11.45 4 2.86

Total 73691.08 27 2729.30
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Table 6 Analysis of variance of photodegradation efficiency for CA-X/ZnO-Y aerogel.
Source Sum Squares Df (Dgrees of freedom) Mean Square F Value P Value
Model 9436.29 14 674.02 14.55 < 0.0001 significant
A 5592.59 1 5592.59 120.76 < 0.0001 significant
B 655.82 1 655.82 14.16 0.0027
C 177.79 1 177.79 3.84 0.0737
D 1518.74 1 1518.74 32.79 < 0.0001 significant
AB 117.67 1 117.67 2.54 0.1369
AC 15.58 1 15.58 0.34 0.5726
AD 65.08 1 65.08 1.41 0.2588
BC 91.06 1 91.06 1.97 0.1862
BD 30.83 1 30.83 0.67 0.4304
CD 427.56 1 427.56 9.23 0.0103
A? 136.13 1 136.13 2.94 0.1121
B? 44.09 1 44.09 0.95 0.3484
C? 7.62 1 7.62 0.16 0.6922
D’ 555.73 12 46.31 = =
Residual 555.73 12 46.31 - - -
Lack of fit 555.73 10 55.57 - -
Pure error 0.000 2 0.000 - - -
Cor Total 9992.01 26 - - - -

(not counting those required to support hierarchy), model
reduction may improve your model (Yang et al., 2020).

3.6. Model validation

The observed statistical factors such as mean, standard devia-
tion, and coefficient of variation were calculated from
ANOVA analysis, and results were mentioned in Table 7.
According to the presented results in Table 7, the coefficient
of variation, which represents the standard error of estimate,
is 6.81% and indicates the precision of evaluation and credibil-
ity of the experimental data. Moreover, the standard deviation
between the measured and modeled results is only 14.01%.
PRESS is the proportion of the model in each of the points
so that the lower is the better.

The correlation coefficient (R?) was applied to validate the
precision of the quadratic model. As shown in Table 7, the R>
value is 0.9444, which confirms the stable fitting of the exper-
imental data for the photodegradation of MO. The Predicted
R? of 0.6326 is not as close to the Adjusted R? of 0.8795 as
one might generally expect. This may indicate a significant
block effect or a possible problem with the present model or
data. Model reduction, response transformation, outliers,
and etc. most be considered Adequate Precision measures the
signal to noise ratio, which is resolute by dividing the range
of the predicted values (difference between the maximum
and the minimum of the predicted response) at the design
points to the average prediction error. Adequate precision of
the photodegradation performance of MO is 14.439 which

indicates an adequate signal. A ratio greater than 4 is desir-
able, indicating which the mean of the model is capable of pro-
viding proper performance according to the prediction
(Hosseini-Nasab et al., 2019). The results showed that this
model could be used to navigate the design space.

3.7. Interaction study between studied variables

In the present study, the 3D surface response plots and 2D
contour plots were presented as graphical representations of
the regression equation used to identify the best amounts of
different factors and are usually applied to attain well compre-
hend of the interactions between the different parameters on
the response. The outcomes of the interactions between the
four different factors and the 3D surface response and 2D con-
tour plots are presented in Figs. 6 and 7. As shown in Fig. 6 a,
the photodegradation efficiency of MO increases by decreasing
MO concentration and pH value. The influence of interaction
between photocatalyst dosage and MCC concentration on the
photodegradation efficiency of MO is revealed in Fig. 6b. The
photogedradation rate increased with increasing MCC concen-
tration and photocatalyst dosage amount. Fig. 6¢ displays that
the photdegradation rate decreased when the photocatalyst
dosage amount and pH decreased and increased, respectively.
Fig. 6d demonstrates the 3D plot of response (the photodegra-
dation efficiency of MO) as a function of the MO concentra-
tion and MCC concentration, while the photocatalyst dosage
and pH are kept constant at 9 gr L™ and 3, respectively.
The results represented that decreasing the concentration of

Table 7 Statistical parameters for the proposed quadratic model by ANOVA for photodegradation efficiency by CA-X/ZnO-Y

aerogel.
R? Adjusted R2  Predicted R2 ~ Adequate Precision =~ Mean  Coefficient of variance (C.V. %)  Standard deviation  Press
0.9444  0.8795 0.6326 14.493 48.57 14.01 6.81 367.24
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dosage (condition: pH 3 and concentration MO 10 ppm), c) effect of pH and MCC concentration (condition: MO concentration 10 ppm
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photocatalyst dosage (condition: MCC concentration 9 gr and MO concentration 10 ppm).

MO and increasing the concentration of MCC causes to
increase the degradation of MO. The interaction effect
between the photocatalyst dosage amount and the concentra-
tion MO on the degradation of MO is shown in Fig. 6e, while
the concentration of MCC and pH are kept constant at opti-
mum value 9g and 3, respectively. The outcomes indicated that
decreasing the concentration of MO and increasing the photo-
catalyst dosage amount causes to increase the degradation of
MO. In Fig. 6f, the interaction between pH and the photocat-
alyst dosage on the degradation efficiency of MO shows that
the photodegradation was increased by increasing the photo-
catalyst dosage amount and decreasing the pH. Also, similarity
results in the present study were observed by other researchers
that the photodegradation efficiency of MO increased with
decreasing pH (at acidity condition), decreasing the concentra-
tion of dye pollutants and increasing photocatalyst dosage
(Chaker et al., 2021; Abbasa and Trarib, 2021; Rafiq et al.,
2021).

3.8. Optimization of the photodegradation efficiency of MO

In order to numerical optimization, the optimal conditions of
different factors such as pH, MO concentration, MCC concen-
tration and photocatalyst dosage for the photodegradation
efficiency of MO were predicted by using Design Expert soft-
ware through the RSM model. The desirable purpose in the
RSM model was fixed on the maximum degradation efficiency
of MO. The 3D surface response plot and 2D contour plot of
the desirability in the optimum condition are shown in Fig. 8.
The results show that the interaction between the concentra-
tion of MO and pH has the most significant effect on the
decomposition. The optimum value of each different parame-
ter and desirability function is revealed in Fig. 9. As seen in
Fig. 9, the maximum photodegradation rate of MO is approx-
imately 99.15% with the overall desirability of 0.96 which is
obtained under the conditions of pH: 3, photocatalyst dosage:
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Fig. 7 2D contours plots for the photodegradation efficiency of MO onto CA-X/ZnO-Y aerogel: a) effect of pH and concentration of
MO (condition: MCC concentration 9 gr and photocatalyst dosage 9 gr L), b) effect of MCC concentration and photocatalyst dosage
(condition: pH 3 and MO concentration 10 ppm), c) effect of pH and MCC concentration (condition: concentration of MO 10 ppm and
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gr LY, e) effect of concentration of MO and photocatalyst dosage (condition: pH 3 and MCC concentration 9 gr) and f) effect of pH and
photocatalyst dosage (condition: MCC concentration 9 gr and concentration of MO 10 ppm).

9 g L', MO concentration: 10 ppm, and concentration MCC:
9 g. The desirability function of 0.960 exhibited appropriate
conditions for the photodegradation efficiency of MO by
CA-X/ZnO-Y aerogel as photocatalyst. Desirability of 0.96
confirms the acceptance and applicability of the model that
the RSM model is a helpful technique for the optimum condi-
tions design. Also, it was in a good agreement with the pre-
dicted result, which confirms the adequacy and validity of
the model. Results of RSM optimization for the photodegrad-
tion efficiency of MO are showed in Table 8. As seen from the
RSM results, the highest degradation performance of MO
occurs at conditions of pH = 3, Cyiec = 9 g, Cmo = 10 ppm
and Dos = 9 g.

4. Conclusion

In the present study, the optimization and modeling of the
photodegradation performance of methyl orange (MO) from
aqueous solutions were investigated by CA-X/ZnO-Y aerogel
as photocatalyst under UV light irradiation. The interaction
effect between the various factors such pH, MO concentration,
MCC concentration, and photocatalyst dosage on the degra-
dation of MO were studied through Response Surface
Methodology (RSM) based on the central composite design
(CCD) method. According to the ANOVA analysis of results,
the maximum photodegradation efficiency of MO (approxi-
mately 99.15%) with the overall desirability of 0.96 was
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Table 8 Results of RSM optimization at time 120 min.

Number pH Cmo (ppm) Dos (g) Cnmcc (8) Degradation efficiency (%) Desirability selected
1 3 10 9 9 95.7421 0.952 *
2 3 10.51 9 9 95.0707 0.942

3 3.03 10 9 8.88 94.925 0.937

4 3 10.85 9 8.97 94.0176 0.933

5 3 10 8.6 9 94.4696 0.931

6 3.06 10.81 9 9 94.1092 0.931

7 3.21 10 9 9 93.7291 0.930

8 3.14 10.4 9 9 93.8589 0.930

9 3.03 11.39 9 9 93.6823 0.923

10 3 11.79 9 9 93.3968 0.918

obtained under the conditions of pH: 3, photocatalyst dosage:
9 g L', MO concentration: 10 ppm, and MCC concentration:
9 g. Also, the results of ANOVA display that the influence of
the concentration of MO and pH on the removal performance
of pollutant is reasonable. Furthermore, the statistical param-
eters including the coefficient of determination, adjusted R?,
predicted R? and adequate precision justify the adequacy of
all suggested models.
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