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To optimize the Allura Red adsorption parameters by nanodiopside/zinc-iron layered double hydroxide composite, response surface

methodology was employed. The optimization was carried out to ensure high performance in the experimental ranges employed and

compare the conjunct effects of the initial concentration of Allura Red, pH, adsorbent dosage, temperature, and contact time on the

adsorption process. A total of 32 adsorption experimental runs were carried out following the detailed conditions designed by response

surface methodology based on the Box-Behnken design to optimize the status employed in the batch process. Analysis of variance

(ANOVA) showed that a second-order polynomial regression equation was the most appropriate polynomial regression for fitting the

experimental data. The experimental verification tests showed an agreement between the predicted and experimental responses (R?). The

optimal point obtained was located in the valid region and the optimum adsorption parameters were approximated at an initial

concentration of 19.80 mg I'' for Allura Red, a pH value of 4.09, an adsorbent dosage of 0.04 g, a temperature of 32.61 °C, and a contact

time of 23.93 min.
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INTRODUCTION

Nowadays, foundational research and practical
application of such research are aimed at removing dyes
from wastewater [1,2]. It is difficult to treat the wastewater
that contains dyes and metals by conventional methods [3-
6]. Thus, developing an attainable, feasible, and reliable
method to exploit sorption techniques is necessary. Several
biological and physicochemical methods, such as sorption
techniques, coagulation, precipitation, ion exchange,
filtration, electrolysis, and biological treatments, have been
suggested for transferring dyes [7]. Due to its efficiency,
feasibility,

potential, and lack of secondary pollution, the removal of

economic simplicity of design, recycling
dye from aqueous solutions via sorption has received much

*Corresponding author. E-mail: sohrabnas99@gmail.com

attention recently [8,9]. However, finding an efficient
adsorbent for the fundamental and practical application of
adsorption is a key challenge.

6-hydroxy-5-((2-methoxy-5-methyl-4-
sulfophenyl)azo)-2-naphthalenesulfonate, Allura Red, is a

Disodium

hazardous dye that is widely used for coloring paper,
textiles, leather, wood, and food additives. It has also been
confirmed that a higher concentration of Allura Red can
result in carcinogenic, allergic, and respiratory problems by
adversely affecting both human and animal health [10].
Adsorption of a Variety of Dyes onto Layered Double
Hydroxide (LDH)

LDHs have been reported recently n the literature [11-
14]. LDHs are anionic clays with high adsorption capacity,
especially for dyes [15-17]. Although LDHs have a high
adsorption capacity to adsorb dyes, their
application scopes is restricted due to their low separation

technical

Archive of SID.ir



Archive of SID.ir

Sohrabi ef al./Phys. Chem. Res., Vol. 11, No. 1, 63-78, March 2023.

efficiency in aqueous solution.

Diopside is a pyroxene mineral, a relevant bioactive
substrate [18,19], and is known as a silicate phase. It is a
material worthy of attention due to its excellent mechanical
and biological properties, low cost, low degradation, and
good biocompatibility [20]. Nanodiopside has several
surface properties, such as homogenous morphology,
particle size, and porosity; its high surface area is the main
reason why it has been considered a good absorbent
candidate for the removal of pollutants [21]. As a result, in
this study, the nanodiopside/Zn-FeLDH composite was used
as a novel, green, and natural adsorbent for the removal of
Allura red, which is an azo dye pollutant.

In this study, the mathematical relationship between the
efficiency of the removal of Allura Red and the influence of
operational parameters, including pH, temperature, Allura
Red concentration, contact time, and adsorbent dose, was
determined using response surface methodology (RSM)
[22,23]. The RSM is based on the most appropriate choice
of factors and levels and offers useful ideas about the main
interaction of parameters based on a minimum number of
experiments, which, in turn, can guide researchers to find
the best real optimum point instead of localized imaginary
points [ 24]. RSM uses an experimental design, such as the
central composite design (CCD) and the Box-Behnken
design (BBD), to fit a model by the least-squares method
[24]. In the present study, the effect of different parameters
on the efficiency of the removal of Allura Red was
investigated using the CCD. The use of this method has
been reported before in several biocompatible materials [26-
28]

EXPERIMENTAL

Materials and Methods

The Allura Red dye used in this research was supplied
by Merck Company (Darmstadt, Germany). To prepare
the working solution of Allura Red, its stock solution
(200 mg 1) was prepared and then the daily necessary
solutions were prepared using its subsequent dilution. The
adsorbent dosage of 0.04 g and the initial Allura Red
concentration of 19.80 g 1" were considered. A digital pH
meter (Methrohm) was employed to adjust the pH. The
SEM was performed on Hitachi, model S-4160. UV-Vis
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spectra were recorded with a maximum wavelength at
504 nm on a Lambda 2 Perkin Elmer spectrophotometer and
a BET surface area using a BELSORP Mini II. Fourier-
transform infrared spectroscopy (FT-IR) absorption spectra
of Allura Red were recorded using KBr disk by an FT-IR
spectrometer (model 460 plus) in the region of 4000-
400 cm™. All chemicals handled in this study were of
analytical grade and were used beyond further purification
treatment.

Preparation of Nanodiopside-LDH Composite

In this research, magnesium chloride (MgClL.6H,0),
calcium nitrate (Ca(NO;),.4H,0)), pure ethanol (C,HsOH),
sodium hydroxide (NaOH), cadmium nitrate
(Cd(NO»),.4H,0)), tetracthyl orthosilicate (CgH,OSiO,),
sodium chloride (NaCl), hydrochloric acid (HCI), and nitric
acid (HNOs;) were used to prepare nanodiopside/Zn-Fe LDH
composite, as an adsorbent. Diopside powders were
synthesized by the sol-gel method and exploiting tetracthyl
orthosilicate ((C,Hs0),Si, (TEOS)), magnesium nitrate
hexahydrate (Mg(NO;),.6H,0), and calcium nitrate. First,
0.125 mol of Ca(NO;),.4H20 and MgClL.6H,O were
then,
vigorously for 30 min at 80 °C to be dissolved in the
solvent. Si(OC,Hs), (TEOS) was added to the homogenous
solution and slowly stirred to prepare a wet gel. After
having been dried in an oven at 100 °C for 24 h, the
resulting dried powder was ground in a hand mortar,
followed by calcination at 700 °C for 2 h and at 1100 °C for
another 24 h. Finally, the powder was mechanically ball-

dissolved in ethanol; the solution was stirred

milled using a zirconia ball mill (Dachan Science, Seoul,
Korea) for 8 h to accumulate nanodiopside particles in the
range of 100 nm. Then, 2.4 g nanodiopside was dissolved in
water, and the aqueous solution, containing 1.44 mmol
Zn(NO3),.6H,O and 0.48 mmol Fe(NO3);.9H,0, was added
dropwise to the suspension of nanodiopside under vigorous
stirring. The solution pH maintained at pH 7 and heated in
an oven (60 °C) for 2 h. The synthesized nanodiopside/Zn-
Fe LDH was collected from the reaction mixture by
centrifuge [29].

Characterization
In order to check the Ilevel properties of
nanodiopside/Zn-Fe LDH  composite, FT-IR spectra
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(JASCO, 680 PLUS) were obtained on a JASCO 680-plus
in the range of 400-4000 cm™' using KBr pellets. In addition,
the prepared samples were examined by X-ray powder
diffraction (XRD). An X-ray diffractometer with Cu Ka
radiation at a scan rate of 0.02 min was used for the
crystallographic structural analysis of the sample (model
Asenware AW-XDM300). Specific surface area, cumulative
pore volume, and pore size distribution were determined
using Brunauer-Emmett-Teller (BET), on a Quantachrome
ChemBET-3000, and Barrett-Joyner-Halenda (BJH)
methods. The field emission SEM (FESEM) is equipped
with EDX microanalysis and is capable of detecting the
slightest phases (Model MIRA 3-XMU).

Adsorption Studies
The dye concentrations were determined according to
the general traditional spectrophotometer method at its
maximum wavelength (504 nm) over working concentration
range. The efficiency of Allura Red removal was
determined at different experimental conditions specified
according to the CCD method. The isotherm studies were
carried out in the range of 10-30 mg 1" to obtain adsorption
isotherms. The dyes removal percentages were calculated
using the following equation:
(=€)

0

% Allura Red removal = x100 (1

where Cy (mg I'") and C, (mg 1"") are the concentration of the
target at initial and after time t, respectively. The adsorbed
dye amount (q. (mg g")) was calculated by the following
equation:

(-G
¢ w

@)

where Cy and C, (mg I"") are the initial and equilibrium dye
concentrations in the aqueous solution, respectively, V (1) is
the volume of the solution, and W (g) is the mass of the
adsorbent.

Response Surface Methodology (RSM)
RSM was used to optimize five variables, including the
initial concentration of Allura Red, pH, adsorbent dosage,
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temperature, and contact time. These five variables were
chosen as independent variables. The amount of Allura Red
removed (mg g) was set as the output response variable.
The ranges and levels of the variables utilized are presented
in Table 2. Design-Expert software 7.1.5 was used for
response surface modeling, statistical analysis, and
optimization. The combined effects of those five variables
were investigated using the CCD. Thirty-two sets of
experiments, including six replications, were performed
(Table 3). The data were analyzed using analysis of
variance (ANOVA), and the optimal values of the Allura
Red removal were estimated using 3D response surface

plots.
RESULTS AND DISCUSSION

Characterization

In the FT-IR spectra of the nanodiopside bands (Fig. 1a)
in the 4000-400 cm™' spectral range, bands in the region of
676 cm’ can be attributed to the bending vibrations, and
bands in the region of 850-1100 cm™ can be attributed to the
symmetric stretching vibrations of the silicate structure.
These bands can be ascribed to the Si-O symmetric
stretching of bridging and non-bridging oxygen atoms,
Si-O-Si symmetric stretching, and Si-O-Si asymmetric
stretching [21,29]. The important absorption bands for
Zn-Fe LDH are usually around 3500 cm™, which has been
assigned to the stretching mode of OH groups in the LDH
structure, interlayer water, and physic adsorbed water [30].
After the nanodiopside was combined with Zn-Fe LDH in
the nanocomposite, the obtained FT-IR spectra exhibited
mixed bands between the individual components. The
process was also characterized by the appearance and
disappearance of some characteristic absorption bands.
There was a clear reduction in the intensity of the
absorbance bands around 3500 cm™', which can be attributed
to the overlap of the 3429 cm™ peak of nanodiopside and
O\\H stretching of absorbed water [31]. The FT-IR spectra

of free nanodiopside and nanodiopside/Zn-Fe LDH
composite are shown in Figs. 1a and 1b, respectively.
Moreover, the SEM images of nanodiopside and

nanodiopside/Zn-Fe LDH composite were studied and
the results are shown in Fig. 2. It is evident that the surface
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Fig. 1. The FT-IR spectra of (a) nanodiopside and (b) nanodiopside/Zn-Fe LDH composite.
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Fig. 2. The SEM images of (a) nanodiopside and (b) nanodiopside/Zn-Fe LDH composite.

morphology of nanodiopside/Zn-Fe LDH composite is
different from that of the nanodiopside sample.

In this research, the BET method was used. The
interference by the surrounding phase
problematic for the BET N,-adsorption/desorption isotherm
method because the entire surface is modified by vacuum
treatment before Nj-adsorption. The surface properties of

is especially

the adsorbent are presented in Table 1 and Fig. 3. According

to the BET analysis, surface area of
nanodiopside/Zn-Fe LDH composite was 2.7308 m” g
Also, the total pore volume and the average pore diameter
of nanodiopside/Zn-Fe LDH were 0.0190 cm® g and 27.85
nm, respectively. In addition, the
adsorption isotherms of type III, which occurs when the

adsorbate-adsorbate interaction is big compared to the

the specific

results reflected

adsorbate-adsorbent interaction [32].
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Figure 4 shows the EDS spectrum of the prepared
sample. This figure shows the presence of relevant elements
and the purity of the synthesized nanodiopside/Zn-Fe
LDHcomposite.

Central Composite Design (CCD)
} As shown in Table 2, five independent variables were
studied and classified into three levels, namely, low, central,
p and high, with the coded values of +1, 0, and -1,
a? respectively. Furthermore, the star points of +2 and -2 for
+o and -0, respectively, were selected for each set of
experiments. Along with this method, ANOVA was used to
e investigate the main interaction and quadratic effects of all

¥, dem (STP) ¢

T ) variables.

=5 A p-value less than 0.05 in Table 5 shows the statistical
i importance of an effect at a 95% confidence level. F-test
0 ] 1 was used to evaluate the statistical significance of each term
in the polynomial equation within a 95% confidence
interval. Data analysis resulted in a semi-empirical
expression of the extraction recovery (ER%) using the
following equation:

pip;

Fig. 3. The results of adsorption-desorption measurement
(BET method) of nanodiopside/Zn-Fe LDH.

Table 1. The Results of Surface Area and Porosity Measurement (BET Method) of Nanodiopside/Zn-Fe LDH

Sample Specific surface Area Micropore vol. Micropore size
(m’ g (em’ g) (nm)

Nanodiopside/Zn-Fe LDH composite 2.730 0.0190 27.85
Nanodiopside 149.501 0.199 1.25

e cpsie
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Fig. 4. The EDS spectrum of the synthesized nanodiopside/Zn-Fe LDH composite.
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Table 2. Experimental Factors and Levels in the Central Composite Design

Factors Unit Symbol Levels

-0l Low (-1) Central (0) High (+1) +o
Concentration mg I A 5 11.25 17.5 23.75 30.00
pH B 25 3.125 3.75 437 5.00
Adsorbent dosage mg C 0.009 0.029 0.050 0.075 0.100
Temperature °C D 25 275 30 325 35.00
Contact time min E 10 15 20 25 30.00

Table 3. Central Composite Design with the Observed and Predicted Values for the Variables Related to the Removal
Efficiency (%) of Allura Red

Std Run Initial Adsorbent Contact

order order Blocks concentration P H dosage Temperature time Response
30 1 1 17.5 3.75 0.05 30 20 98.14
3 2 1 5 5 0.01 25 10 96.74
16 3 1 30 5 0.1 35 30 96.54
13 4 1 5 25 0.1 35 30 95.88
20 5 1 17.5 6.25 0.05 30 20 98.56
14 6 1 30 25 0.1 35 10 98.04
31 7 1 17.5 3.75 0.05 30 20 98.1
29 8 1 17.5 3.75 0.05 30 20 98.13
2 9 1 30 25 0.01 25 10 99.70
23 10 1 17.5 3.75 0.05 30 20 98.49
12 11 1 30 5 0.01 35 10 97.78
27 12 1 17.5 3.75 0.05 30 20 98.14
5 13 1 5 25 0.1 25 10 96.68
17 14 1 17.5 3.75 0.05 30 20 98.12
22 15 1 17.5 3.75 0.15 30 20 97.22
10 16 1 30 25 0.01 35 30 99.19
19 17 1 17.5 1.25 0.05 30 20 98.49
9 18 1 5 25 0.01 35 10 99.44
18 19 1 42.5 3.75 0.05 30 20 97.74
26 20 1 17.5 3.75 0.05 30 40 97.47
11 21 1 5 5 0.01 35 30 95.36
1 22 1 5 25 0.01 25 30 99.26
25 23 1 17.5 3.75 0.05 30 20 96.69
7 24 1 5 5 0.1 35 10 914
6 25 1 30 25 0.1 25 30 98
8 26 1 30 5 0.1 25 10 96.15
28 27 1 17.5 3.75 0.05 30 20 98.11
15 28 1 5 5 0.1 35 10 95
4 29 1 30 5 0.01 25 30 97.75
32 30 1 17.5 3.75 0.05 30 20 98.14
24 31 1 17.5 3.75 0.05 40 20 98.14
21 32 1 17.5 3.75 0.04 30 20 97.53
68
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Table 4. Model Summary Statistics

Std. Adjusted Predicted
Source Dev. R-Squared R- SJquared R-Squared PRESS
Linear 1.47 0.4806 0.3807 0.1625 602.26
2FI 1.36 0.6127 0.2497 -6.1614 549.21
Quadratic 1.24 0.9991 09721 0.9659 64.23 Suggested

Table 5. The Results of ANOVA for Response Surface Quadratic Model of Nanodiopside

Source Sum of squares df Mean square F-value p-Value
Model 53.04 20 1.23 1.23 0.0369 Significant
A 6.65 1 3.09 3.09 0.0106
B 15.58 1 725 7.25 0.0210
C 13.72 1 6.38 6.38 0.0028
D 0.031 1 0014 0.014 0.09073
E 0.88 1 041 041 0.5354
AB 228 1 2.28 1.06 0.3249
AC 237 1 237 1.10 0.3164
AD 0.17 1 0.17 0.079 0.7844
AE 2.08 1 2.08 0.97 0.3468
BC 0.012 1 0.012 5.731E-003 0.9410
BD 0.87 1 0.87 0.40 0.5384
BE 0.59 1 0.59 0.28 0.6094
CD 1.51 1 1.51 0.70 04197
CE 0.24 1 0.24 0.11 0.7450
DE 0.012 1 0.012 5.527E-003 0.9421
A’ 0.62 1 0.62 0.29 0.6017
B’ 3.098E-004 1 3.098E-004 1.441E-004 0.9906
c’ 237 1 237 1.10 0.3162
D’ 0.071 1 0.071 0.033 0.8590
E? 3.76 1 3.76 1.75 0.2129
Residual 23.65 11 2.15

Lack of fit 22.78 6 3.80 21.86 0.0619 Not significant
Pure error 0.87 5 0.17

Cor total 76.69 31

Adeq 5.724

Table 6. Optimized Adsorption Parameters

Concentration pH Adsorbent dose Temperature Time
(mg ™) (2) WY (min)
19.80 4.09 0.04 32.61 23.93

Y = +98.10 +0.53A -0.81B -0.76C +0.036D -0.19E  in which Y is the amount of Allura Red (mg g), A is the
+0.38AB +0.38AC -0.10AD +0.36AE +0.028BC +0.23BD - initial concentration of Allura Red (mg 1), B is the pH, C is
0.19BE +0.31CD -0.12CE -0.027DE -0.15A2 +3.250E - the adsorbent dosage (mg), D is the temperature (°C), and E
003B2 -0.28C2 -0.049D2 -0.36E2, is the contact time (min).
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The acceptable quality of the polynomial model fit was  shown in Fig. 5 confirms the good fit of the predicted
expressed with the coefficient of determination (squared R> = 0.9659. Table 6 shows the optimum adsorption

2 _ : 2 _
R .0.9991 and adjusted R 0.9721). The plot of parameters optimized by CCD.
experimental removal percentage versus calculated values
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Fig. 5. The 3D surface and contour plots illustrating the interaction effects of the variables.
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related to maximum adsorption capacity and n is the

Design-Expert® Software Normal Plot of Residuals . . . . .
Response intensity of adsorption. Figure 7b shows the linear plot
Color points by value of
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Fig. 6. The plot of experimental Allura Red removal
percentage versus calculated values.
Equilibrium Isotherm Models !
The experimental results related to the adsorption of % N
Allura Red dye on the nanodiopside/Zn-Fe LDH composite y=-1.1055¢+ 14787
1:
were analyzed using Langmuir, Freundlich, and Temkin gi=06ts2
]
models. The Langmuir isotherm can be expressed as Eq. (3) 2
[32]: 05 (b)
¢
Ce/qe: 1/qmax KL+Ce/qmax (3) 0
04 {2 0 02 04 06 08
where q. (mg g') and C. (mg 1) are the amounts of the log Ce
adsorbed dye per unit mass of adsorbent and the unadsorbed

dye concentration in solution at equilibrium, respectively.

The quay 1 the maximum amount of the Allura Red dye per y=-20474x+36.241
R=0914

unit mass of adsorbent (mg g™') on the surface bound at high
C. (mg g), and K| is the adsorption equilibrium constant
(1 mg™"). Figure 7a shows the linear plot of C/q. vs. C. of
Langmuir isotherm. The values of qu.« and K; were
determined from the slope and intercepts of the plots and
are presented in Table 7.

qe

The Freundlich adsorption isotherm model can be applied

. . . 0 ]
for a multilayer heterogeneous adsorption and is expressed 1 0 ’ . s : e
as Eq. (4) [33]: In Ce
logqe = 1/nlogC, + logKs ) Fig. 7. The diagram of (a) Langmuir equilibrium isotherm,
where K (1 g') is the Freundlich isotherm constants that are (b) Freundlich isotherm, and (¢) Temkin isotherm.
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(logq. vs. logC,) of the Freundlich isotherm. The plot of
logge vs. logC. was employed to generate the intercept value
of Kr and the slope of 1/ng (Table 7).

The adsorption enthalpy and the adsorbent-adsorbate
interaction were studied by the Temkin isotherm model,
which is expressed as Eq. (5) [34]:

ge= BidnKt+ B(nC, (5)

where B, is the Temkin constant related to the heat of the
adsorption, T is the absolute temperature (K), and Kr is the
equilibrium binding constant (I mg™"). Figure 7c shows the
linear plot of g vs. InC, of the Temkin isotherm model.

The constant parameters of isotherm equations and the
correlation coefficient (R?) for isotherm models are
summarized in Table 7. The high correlation coefficient at
various conditions shows the applicability of the Temkin
model to experimental data.

Temkin noted that the heat of adsorption would more often
decrease than increase with increasing coverage. The heat of
adsorption (4H,,) is defined as follows:

“AGu ASu  —AH

] _ 4 we KT —¢ R“e RT
eq

PalS]

In this model, it is assumed that as the surface is filled with
adsorbate, the heat of adsorption of all the molecules in
the layer would decrease linearly with coverage due to
adsorbate-adsorbate  interactions: AH, =AH®,, (1-ay0)>

where ar is a fitting parameter. In this isotherm, indirect

adsorbate-adsorbate interactions are applied to adsorption
isotherms [32].

Adsorption Kinetics

The kinetic analysis based on kinetic models, including
pseudo first- and second-order, Elovich, and intraparticle
diffusion models (Figs. 8a-d) provides good information
about the rate and mechanism of adsorption. The obtained
results of various kinetic models are summarized in Table 8.
The highest R* value was observed in the pseudo-second-
order kinetic model (0.9988), confirming the applicability of
this model to experimental data.

Thermodynamic Study

In order to describe the thermodynamic adsorption
behavior of Allura Red onto the nanodiopside/Zn-Fe LDH
composite, thermodynamic parameters, including the
change in free energy (AG.°), enthalpy (AH,°), and
entropy (AS,s°), were calculated using the following

thermodynamic equations (Table 9) [35]:
AG® = -RTInK, ©)
InK, = AS°R - AH°/RT (7

where R is the universal gas constant (8.314 J K mol™), T
is the absolute solution temperature (K), and K. is the
equilibrium adsorption constant.

The plots of InK, vs. 1/T give a straight line from which
AH,¢° and AS,° are calculated based on the slope and

Table 7. Isotherm Constant Parameters and Correlation Coefficients Calculated for the Adsorption of
Allura Red onto the Nanodiopside/Zn-Fe LDH Composite

Isotherms Equation Parameters Value
) . c_ 1 .c qm(mggj) -1.8918
angmuir 0. Ka.  q. Kl I?g ) 4.0362
R 0.5060

1 I/n -1.1055
Freundlich Ing, =InK, + ;ln C, K¢ (mg g") (Img™)]"™ 30.1092
R’ 0.6132

Bt -20474

Temkin ge= BJnK;+ B|InC, Kr(Img") 0.1703
R? 0.9140
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Fig. 8. The linear plot of the (a) pseudo-first-order kinetic, (b) pseudo-second-order kinetic, (c) intraparticle diffusion

kinetic, and (d) Elovich kinetic models.

Table 8. Kinetic Parameters for the Adsorption of Allura Red onto Nanodiopside/Zn-Fe LDH Composite

Model Equation Parameters Value

Pseudo-first-order log(q, —¢,) =log(q,) - kit K, (min™") 0.14
2.303 R’ 0.9286

Pseudo-second-order 1, [1} k> (g mg™ min™") 0.02
q kg \aq. R’ 0.9988

Intraparticle diffusion q=Kt"*+C K 1.45
C 21.22
R’ 0.9154

Elovich qc= 1Bln(ap) + 1/BIn(t) B 035
R’ 0.9442
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Table 9. The Thermodynamic Parameters for the Sorption
of Allura Red at Optimum Temperature

Thermodynamic parameters Values
1

ynarep (kJ mol™)
-AH° 37.57
-TAS® 8.20
-AG® 10.57
InK, 0.0352

6

5 y=4519.3x- 10.055

R=0.9993

4

=_g 3

0

000295 0003 000305 00031 000315

Tk
Fig. 9. The plots of InK, vs. 1/T.

00032 000325 00033 0.00335

intercept (Fig. 9). The negative AH,°, -37.57 kJ mol,
confirms the physisorption mechanism of this adsorption
process because this value is less than -40 kJ mol ' [35].

The negative values of AG® indicate that the adsorption
process was spontaneous and feasible at all the studied
the of
AS.° (-87.7 J mol" K™ suggests decreased randomness at

temperatures. In  addition, negative  value

the solid-solution interface during the adsorption process.

Reusability
Composite

In this study, the ability of the adsorbents to be used in
several successive separation processes was examined. This

of  Nanodiopside/Zn-Fe LDH

was done to reuse the adsorbent for further successive
cycles of the recovery process. For this purpose, first, all the
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parameters were optimized and the adsorption operation
was performed. Then, the solution was strained, the amount
of adsorption was read, and the precipitate under the filter
for Allura Red was put in contact with pure ethanol.
Afterward, they were filtered, and the precipitate was
washed with distilled water and placed at room temperature
to dry. In the next step, the deposition was used as the
adsorbent of the second experiment. All these steps were
repeated up to several consecutive cycles.

The obtained results showed that the nanodiopside/Zn-
Fe LDH composite can be reused five times without any
decrease in its efficiency.

Comparison with Other Studies

According to Table 10, a comparison between the
adsorption capacities of adsorbent nanodiopside/Zn-Fe LDH
and other adsorbents reported in the literature showed that
the nanodiopside/Zn-Fe LDH composite had relatively a
good adsorption capacity. Recyclability was investigated,
and the results showed that the nanodiopside/Zn-Fe LDH
composite could be an economical adsorbent candidate due
to some advantages such as simplicity of operation,
thus
making it a suitable adsorbent for removal of other
pollutants [35-45].

greenness, rapid sorbent, and cost-effectiveness,

CONCLUSIONS

The objective of the present study was to find out the
optimum parameters to maximize the adsorption of Allura
Red by developing a model equation. The RSM model,
using the CCD, was used based on five variables to
determine both the individual and combined effects of
different reaction variables, such as the initial concentration
of Allura Red, pH, adsorbent dosage, temperature, and
contact time. The regression analysis and optimization of
variables were done using Design-Expert software to predict
the response in all experimental regions. The experimental
values were found to correspond well with those predicted
by the model. The optimum production condition was found
to include an initial Allura Red concentration of 19.8 mg I
, a pH value of 4.09, an adsorbent dosage of 0.04 g, a
temperature of32.61 °C, and a contact time of 23.93 min.
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Fig. 10. The reusability of the nanodiopside/Zn-Fe LDH composite in five successive separation processes.

Table 10. A Comparison of the Maximum Sorption Capacity of Allura Red Dye on the Lichen Biosorbent with

that of other Sorbents
Sorbent Max sorption capacity Ref.
a-Picoline ionic liquid-B-cyclodextrin-cross-linked polymer 0.0143 [35]
Activated pine wood 0.0143 [36]
Mn- and Cu-@ZnS nanoparticles loaded on activated carbon 0.101 [37]
Silica/ AgNPs-glucose 0.136 [38]
Activated carbon 0.146 [39]
Poly(ionic liquid)immobilized magnetic nanoparticles 0.213 [40]
Spirulina platensis 0.944 [41]
Chitosan/polyurethane foam 0.217 [42]
Natural sawdust 0.051 [43]
Hexadecylpyridinium bromide treated sawdust 0.151 [44]
Pseudoevernia furfuracea biomass 0.280 [45]
Nanodiopside/Zn-Fe LDH composite 0.079 This work
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