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ABSTRACT

The adsorption of two model dyes, methylene blue (MB) and Acid Red 97 (AR97), onto mor-
denite was examined in this study using an experimental design method. They used response sur-
face modeling and a Box-Behnken surface statistical design to optimize the removal of dyes from
aqueous solutions. Solution pH, the quantity of dyes, and the dose of mordenite were the three
factors taken into consideration. The study discovered that the adsorption of methylene blue was
significantly influenced by solution pH, with pH 10 having the best adsorption effectiveness.
In contrast, pH 3 was discovered to be the ideal setting for Acid Red 97. Additionally, the scien-
tists discovered that both dyes experienced chemisorption, which is a chemical reaction between
the dye and the surface of the mordenite. The study also looked into how time, dosage, and pH
affected the adsorption procedure. Further research into the impact of temperature revealed that
higher temperatures resulted in greater adsorption effectiveness. The adsorption process for both
dyes was endothermic and spontaneous, which is compatible with thermodynamic principles,
which contend that chemical reactions are more likely to occur at higher temperatures. Compare
the adsorption outcomes with various adsorbents. It was discovered that AR97 and MB had the
best adsorption rates, respectively, of 1,212.76 mg and 559.8 mg/g. Overall, the study offers insight-
ful information about the adsorption of dyes onto mordenite and emphasises the significance of
taking a number of variables into account when designing an adsorption process, including

solution pH, temperature, and dose.
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1. Introduction

The coloring industry is a significant and crucial sec-
tor globally. However, the wastewater generated from this
industry poses a potential threat to the environment due to
the wide range of colors present in it. Some of these dyes
have been demonstrated to be mutagenic and carcinogenic,
making them hazardous to wildlife. Moreover, individu-
als who come into contact with these dyes may experience
adverse effects on their kidneys, liver, brain, reproductive
system, and central nervous system. Therefore, it is crucial
to prioritize the removal of dyes from the environment [1].

Inexpensive methods are being researched by scientists to
remove toxic dyes from the aquatic environment. The tex-
tile industry alone is estimated to release around 100 tons
of dyes and pigments into water streams annually [2,3].
Dyes and pigments are commonly used by various indus-
tries, such as plastics, textiles, cosmetics, pharmaceuticals,
and paper, to add color to their finished products. The dye-
ing of textiles is a significant contributor to environmental
pollution, and wastewater containing processed textile col-
ors is becoming increasingly voluminous. Worldwide, the
chemical industry utilizes over 7 x 105 tons of dyes annu-
ally, with 10%-15% of these released into waterways as
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effluents, resulting in severe environmental contamination
and harm to both aquatic and human life. The vast major-
ity of the over ten thousand commercially available types of
dyes are considered harmful. Moreover, due to their com-
plex and highly persistent aromatic structures, most dyes
tend to accumulate in nature [4,5].

Throughout human history, water has been one of the
most essential resources for survival and progress. However,
in recent decades, water contamination has become a seri-
ous environmental concern on a global scale, especially
due to the presence of various toxins polluting marine sys-
tems [6]. Even in small concentrations, industrial dye con-
tamination of ground and surface waters poses a threat to
both human health and the health of other living organ-
isms. Synthetic dyes are widely used by numerous indus-
tries, including those in textiles, paper, leather, plastics,
cosmetics, rubber, printing, and dyeing [3,6].

Studies have shown that dyes are highly resistant and
stable in aquatic environments, making their release into
the environment a major source of hydrosphere contam-
ination. The presence of dyes in water resources reduces
sunlight penetration into deeper areas, disrupting the pho-
tochemical and biological processes of aquatic species. The
discharge of dyes into carbon-based water bodies leads to
reduced photosynthetic activity and dissolved oxygen lev-
els, in addition to having a carcinogenic effect. The accu-
mulation of synthetic dyes and their byproducts in marine
organisms and sediments can substantially reduce the
biochemical oxygen demand and chemical oxygen demand
levels in water supplies. With the annual production of
over 100,000 types of dyes totalling about 7,000,000 tonnes
and their negative impact on water resources, it is cru-
cial and inevitable to remove dye pollution from
wastewater [3,7].

Various techniques such as ozonation, flocculation,
membrane separation, aerobic or anaerobic treatment, coag-
ulation, and adsorption have been employed to remove
dyes from wastewater. Among these techniques, adsorption
has been identified as a promising and effective method for
treating wastewater containing dye pollutants due to its
ease of use, low cost, quick regeneration, sludge-free oper-
ation, and lack of production of harmful and dangerous
fumes [8,9].

The removal of dyes by activated carbon is influenced
by several variables, including the concentration of the
dyes, the mass of the activated carbon, the pH and tempera-
ture of the solution, and other factors. These variables can
impact the adsorption capacity and kinetics of activated car-
bon and should be considered when designing an effective
treatment process for dye-containing wastewater [10-12].
Optimizing experimental conditions for high removal effi-
ciency through factor-by-factor optimization alone may not
be sufficient. The use of experimental design approaches can
enhance removal efficiency while requiring fewer experi-
ments. Response surface methodology (RSM) is a powerful
and widely used mathematical technique that is suitable for
modeling and improving industrial processes and chemical
reactions. It can be employed to optimize the experimen-
tal conditions for maximum dye removal efficiency while
minimizing the number of experimental runs required [13].
The aim of optimization is to find the optimal value for

each variable in the model developed through experimen-
tal design and analysis. Various response surface designs,
such as central composite, complete factorial, Box-Behnken,
and others, are employed in the optimization process. It has
been demonstrated that Box-Behnken is more efficient for
three-level designs than the central composite design but
less efficient than the three-level complete factorial design.
Additionally, Box-Behnken designs have the advantage
of avoiding regions where all components are simultane-
ously at their maximum or minimum levels, which is ben-
eficial in preventing studies conducted under challenging
conditions that may result in unsatisfactory outcomes [14].

It is obvious that the goal of this study is to examine
how methylene blue and Acid Red 97 behave in aqueous
solutions after being absorbed by mordenite, a power-
ful and reasonably priced adsorbent. By integrating Box-
Behnken design and response surface methods, the study
also attempts to maximize the adsorptive removal of the
two dyes from the aqueous solution utilizing mordenite
(RSM). Solution pH, dye concentration, and mordenite mass
ratio are all factors taken into account in this optimization.
Based on preliminary study, these variables were chosen
to reduce the non-significant contribution of other factors.
RSM is a statistical method used to optimise the experi-
mental settings, while the Box-Behnken design is a sort of
experimental design that permits assessment of the primary
effects of the components and their interactions. The study
seeks to identify the ideal conditions for the adsorption of
methylene blue and Acid Red 97 from the aqueous solu-
tion using mordenite by combining these two techniques.
The findings of this study may offer crucial information on
how these dyes behave and how well mordenite works as
an adsorbent to remove them. In conclusion, the goal of this
study is to examine how methylene blue and Acid Red 97
behave in aqueous solutions after being absorbed by mor-
denite, a potent and reasonably priced adsorbent. By inte-
grating Box-Behnken design and RSM, the study attempts
to improve the adsorptive removal of the two dyes from
the aqueous solution using mordenite while taking into
account the variables of solution pH, dye concentration, and
mordenite mass ratio. The findings of this study may shed
light on how these dyes behave as well as the efficiency of
mordenite as an adsorbent for their removal.

2. Material and methods
2.1. Materials

In this study, analytical-grade substances were used,
including mordenite, Acid Red 97, methylene blue, sodium
hydroxide (NaOH), and hydrochloric acid (HCl) 37%, which
were purchased from Sigma-Aldrich (Germany). Solutions
were prepared in bi-distilled water.

2.2. Experimental design

To evaluate how the parameters being studied interact
with each ot her and their impact on dye adsorption, the opti-
mal number of tests was determined using the Box-Behnken
design. A total of 17 experiments were carried out using
a three-level, three-factorial Box-Behnken experimental
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design. The factor levels were assigned -1 (low), 0 (central
point) and 1 (high) codes. After conducting preliminary tests
to identify the optimal parameters and establish the experi-
mental domain, the solution pH (X,), dye concentration (X,),
and modified orange residue (MOR) dose (X,) were selected
as the most influential parameters. Table 1 shows the Box—
Behnken design levels for each parameter [15,16]. In order
to develop the statistical experimental design and analyze
the data collected, the trial software Design-Expert 8.0.7.1
was employed. The experimental data was then fitted to the
second-order polynomial equation [Eq. (1)] using a manual
regression method to identify the relevant model terms.
The quadratic response model can be expressed as a com-
bination of linear terms, square terms, and linear-by-linear
interaction elements, and is as follows:

+ZBX +ZB11 i2 +ZB,X,2 +Ziz Bt]XzX] +E

The response of interest, represented by the adsorp-
tion capacity of Acid Red 97 (g, (AR97)) and the adsorption
capacity of methylene blue (g, (MB)), can be expressed as Y
in the quadratic response model. The constant is denoted
by B, while the slope or linear effect of the input factor X,
is represented by B. The linear-by-linear interaction effect
between the input factors X, and X, is denoted by By and
the quadratic effect of input factor X is represented by B

)

2.3. Adsorption experiments

To prepare the synthetic dyes, the required amount of
each dye was dissolved in distilled water to create stock
solutions. These stock solutions were then diluted to form
subsequent solutions with a concentration of 3.125 mol. For
the sorption studies, a series of 25 mL bottles were prepared
with the dye solution, each having a varying initial concen-
tration (X, = 1.3 x 107 to 3.4 x 10 mol) and the correspond-
ing mass of MOR (X, = 0.01 to 0.1). To achieve the desired

Table 1
Variance analysis for methylene blue adsorption
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pH, NaOH or HCI (1 M) solutions were used to adjust the
solutions (X, = 3 to 10) for both dyes. The mixtures were
then shaken for 5 to 100 min at a speed of 300 rpm at room
temperature to assess the effect of time. Finally, the effect
of temperature on the adsorption process was investigated
by conducting the adsorption process at different tempera-
tures. After the sorption tests, the samples were centrifuged
at 3,400 rpm for 10 min to remove any remaining dyes. The
remaining dye concentrations were then measured using a
DR 5000 HACH UV-Vis spectrophotometer (Germany). The
adsorption capacity of the dyes at equilibrium (in mmol/g)
was determined by calculating the quantity of adsorbate
per gram of adsorbent, using the following equations:

:(COfCE)V

©)

3. Results and discussion
3.1. Experimental results

Table 1 presents the preparatory conditions and exper-
imental findings for the reactions being studied. The
adsorption of methylene blue (g, (MB)) and Acid Red 97
(9, (AR97)) resulted in adsorption capacity values rang-
ing from 0.10 to 1.71 mmol/g for methylene blue and
1.60 to 1.75 mmol/g for Acid Red 97. The highest values
of 1.71 and 1.75 mmol/g were achieved with a MOR of
0.01 g/25 mL, but in an acidic medium for AR97 and a basic
medium for methylene blue. The observed results can be
explained by the change in surface charge of MOR and the
protonation of functional groups on the dye molecules in
response to changes in pH of the solutions. In an acidic
solution (AR97), protonation of activated carbon leads

Source Sum of squares df Mean square F-value p-value
Model 2.80 9 0.3114 15.04 0.0009 Significant
A-pH 0.0160 1 0.0160 0.7715 0.4089
B-Conc. 2.35 1 2.35 113.35 <0.0001
C-Dose 0.1188 1 0.1188 5.73 0.0478
AB 0.2096 1 0.2096 10.12 0.0155
AC 0.0003 1 0.0003 0.0131 0.9119
BC 0.1102 1 0.1102 5.32 0.0544
A? 0.0000 1 0.0000 0.0020 0.9656
B 0.0001 1 0.0001 0.0060 0.9405
c? 1.602E-06 1 1.602E-06 0.0001 0.9932
Residual 0.1450 7 0.0207
Lack of fit 0.1450 3 0.0483 1.226E+06 <0.0001 Significant
Pure error 1.577E-07 4 3.943E-08
Cor. total 2.95 16
R?=0.958, R, =0.882.
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to an increase in interaction with anionic dye molecules,
which facilitates the adsorption process. In basic media,
the cell surface of MOR carries a net negative charge.
Consequently, with higher pH values, the significance of
the interactions between the adsorbent and cationic dye
(methylene blue) increases, facilitating the adsorption
process. Regression analysis was performed to fit the
response functions to the experimental data. The results
showed that the MOR dosage had a negative impact on
the adsorption of both dyes, while the dye concentration
had a positive impact. Additionally, the pH of the solution
had a negative effect on the adsorption of methyl orange,
whereas it had a positive effect on the adsorption of
methylene blue (Fig. 1).

3.2. Analysis of variance

To determine the significance of the curvature in the
responses, an analysis of variance (ANOVA) was con-
ducted with a confidence level of 95%. The effect of a factor
refers to the change in the response caused by a change in
the level of that factor. This is often referred to as a main
effect, as it is related to the key points of interest in the
experiment. The significance of the model and its terms’
parameters was determined using Fisher’s statistical test
F-test, with significance being indicated by Prob. > F values
lower than 0.05. The ANOVA was used to assess the signif-
icance of the quadratic model’s fitting for both responses,
with the results presented in Tables 1 and 2. Based on the
ANOVA results, the equations accurately represented the
actual relationship between each response and the signif-
icant variables. The ANOVA study revealed that all three
parameters (solution pH, dye concentration, and MOR
dose) have a significant impact on the adsorption yield.
However, the mass ratio of activated carbon had a negative
effect on the adsorption yield for both dyes, regardless of
the dye concentration in the solution. The correlation coef-
ficients indicate that the dye concentration in solution had

Table 2
Variance analysis for the adsorption of Acid Red 97
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a greater impact on the adsorption of AR97 compared to
MB. In contrast, the mass ratio of activated carbon had a
greater impact on the adsorption of MB compared to AR97.
The ANOVA analysis also showed that the pH of the solu-
tion had a positive impact on the adsorption of MB and
a negative impact on the adsorption of AR97. This result
can be attributed to the fact that AR97 is an anionic dye,
whereas MB is a cationic dye. At higher pH levels, there are
more negatively charged surface sites available, making it
easier for the dye to be adsorbed. However, at lower pH
values, the presence of excess H" ions inhibit the adsorption
process. In the case of the anionic dye AR97, the opposite
behavior was observed. The linear-by-linear interaction
analysis indicated that the most significant interactions
for MB adsorption were those between dye concentration
and activated carbon mass ratio (X,X,). For AR97 adsorp-
tion, the strongest relationships were found between solu-
tion pH and dye concentration, as well as between solu-
tion pH and activated carbon mass ratio (X X, and X X,
respectively). Regarding the quadratic effect contribution,
the mass ratio had the greatest influence on MB adsorp-
tion, while solution pH had the greatest influence on
AR97 adsorption [17].

3.3. Diagnostic model

Fig. 2 presents the actual and expected values obtained
from the regression coefficients of the proposed models.
The comparison between experimental data values and
those produced by the model (Y predicted) (Y experimen-
tal) can be observed in the figure. As shown in Fig. 2, most
of the data points were evenly distributed along the straight
line, indicating a strong correlation between the experimen-
tal and projected response values. Based on the results, the
“R*" values were in reasonable agreement with the “R? "
values, and the “R*” values were higher than the “R? dj"
values. This suggests that the models fit the experimental
data reasonably well and that the inclusion of additional

Source Sum of squares df Mean square F-value p-value

Model 0.0857 9 0.0095 4.00 0.0405 Significant
A-pH 0.0200 1 0.0200 8.43 0.0229

B-Conc. 0.0464 1 0.0464 19.54 0.0031

C-Dose 0.0125 1 0.0125 5.26 0.0555

AB 0.0007 1 0.0007 0.3136 0.5929

AC 0.0011 1 0.0011 0.4711 0.5146

BC 0.0021 1 0.0021 0.8753 0.3806

A? 0.0008 1 0.0008 0.3472 0.5742

B? 4.475E-07 1 4.475E-07 0.0002 0.9894

(e 0.0020 1 0.0020 0.8591 0.3848

Residual 0.0166 7 0.0024

Lack of fit 0.0166 3 0.0055 3.772E+06 <0.0001 Significant
Pure error 5.880E-09 4 1.470E-09

Cor. total 0.1023 16

R*=0911, R, = 0.788.
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Fig. 1. Schematic diagram of adsorption Acid Red 97 and methylene blue.
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Fig. 2. Predicted vs. actual values for (a) Acid Red 97 and (b) methylene blue adsorption.

terms in the models did not result in overfitting. The mod-
els developed were able to accurately predict more than
95% of the reactions, indicating that the terms included in
the models were sufficient to produce reliable predictions.
The desirability value for the removal of both dyes was 1,
indicating that it was desirable. The desired ranges for each
response were reflected in this function, with a range of
zero to one, indicating the least to the most desirable val-
ues, respectively. For the removal of MB, the desirability
value was achieved at pH 10, MOR 0.02 g/25 mL, and an
anticipated sorption capacity of 1.72 mmol/g. On the other
hand, for the removal of AR97, the maximum desirability
value was obtained at pH 3 and a dose of 0.02 g/25 mL for
a sorption capacity of 1.75 mmol/g. The respective F-values
of the MB and AR97 adsorption models were 15.04 and 4,
indicating their significance. The probability that the high
model F-value was due to noise was only 0.09% for MB
adsorption and 4.05% for AR97 adsorption, confirming the
importance of the proposed models. However, both dyes
showed a lack of fit with F-values of 1.226E+06 for MB

sorption and 3.772E+06 for AR97 solubility, indicating the
importance of the lack of fit in both cases.

3.4. Response surface analysis

Figs. 3 and 4 depict the 3D response surface plots
generated by statistical procedures for different combi-
nations. The significant interactions for MB adsorption
were found to be dye concentration/mass ratio of acti-
vated carbon and dye concentration/solution pH. For AR97
adsorption, the significant interactions were solution pH/
MOR mass ratio and solution pH/dye concentration. As
shown in Fig. 3a, MB adsorption increased with increas-
ing dye concentration and decreasing MOR mass ratio. In
Fig. 3, it can be observed that solution pH has a positive
effect on the removal of MB at both low and high dye con-
centrations. The maximum MB adsorption was achieved
at high dye concentration and high solution pH. Fig. 3b
indicates that at low dye concentrations, the mass ratio of
MOR has a stronger influence on MB adsorption. However,
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Fig. 3. Plots of the response surfaces and contours for methylene blue adsorption (a—c).
at low activated carbon mass ratios, the dye concentra- In Fig. 4 it can be observed that AR97 adsorption is highly

tion has a lesser impact on dye removal. Fig. 3c shows sensitive to solution pH. Fig. 4a shows that AR97 adsorption
that MB adsorption increases with a decrease in the mass  at low solution pH is strongly influenced by its concentra-
ratio of MOR and an increase in dye concentration. tion in solution. Furthermore, the impact of solution pH is
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Fig. 4. Plots of the response surfaces and contours for the adsorption of Acid Red 97 (a—c).

more pronounced at high dye concentrations. At high dye
concentrations and low solution pH, the highest adsorption
capacity of AR97 was observed, as shown in Fig. 4a while
Fig. 4b indicates a significant relationship between the mass

ratio of MOR and solution pH. When the solution pH is
high, an increase in MOR is associated with an increase in
AR97 adsorption. However, at low solution pH, the oppo-
site trend was observed. The highest AR97 adsorption
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was achieved with a MOR dose of 0.2 g/25 mL and a solu-
tion pH of 3. In contrast, Fig. 4c shows an increase in AR97
adsorption at low MOR and high dye concentrations.

While approved the kinetic data using Box-Behnken
design by using X, X,, X,, and time, dose, and pH, respec-
tively. Fig. 5 illustrates the results kinetically that approved
that optimum condition for AR97 was time 100 min, pH
3, and time dose 0.01 g. A F-value of 157.89 for AR97 sug-
gests that the model is significant, while p-values lower than
0.0500 suggest that model terms are significant. While for
MB the optimum condition at pH 10, time 100 min, and dose
0.01 g. Model significance is shown by the model’s F-value
of 123.03. Model terms are significant when their p-values
are lower than 0.0500 (Tables 3 and 4).

3.5. Adsorption isotherm

In order to evaluate how the adsorbate is distributed
from the liquid phase to the solid phase up until equilibrium
under regulated (fixed) conditions, it is necessary to use an
instrument for adsorption isotherm studies [12,18]. Various
types of adsorption isotherms have been used to determine
the maximum adsorption capacity, adsorption mechanism,
adsorbent affinity, and nature of the reaction, whether
monolayer or multilayer adsorption. Four widely used
models, namely Langmuir [19], Freundlich [20], Dubinin—
Radushkevich [21], and Temkin [22], were applied to fit
the experimental data. Table 3 shows the isotherm models
used in the study. The Langmuir model is based on three
assumptions: monolayer adsorption, identical adsorption
sites, and the independence of the adsorption of any mol-
ecule on the active sites of the adsorbent from occupancy
at its surrounding sites (Table S1). On the other hand, the
Freundlich model is an empirical equation that assumes
the active sites on the adsorbent are heterogeneous and
that multilayer accumulation is possible [5,23,24].

As shown in Table 5 and Fig. 6, the adsorption isotherm
for both dyes were fitted to the Langmuir model based on
the R? values obtained. Additionally, the adsorption process
was found to be chemisorption as the adsorption energy
for both dyes was greater than 8 kJ/mol.

The Langmuir, Freundlich, Dubinin—-Radushkevich,
and Temkin models all have non-linear forms, and these
non-linear forms are crucial because they enable the fit-
ting of experimental data to the models, which can reveal
crucial details about a system’s adsorption behavior.

Regression analysis frequently use the non-linear ver-
sions of these models to find the model parameters and fit
experimental isotherm data to the models. These variables
can subsequently be utilised to compute crucial adsorp-
tion features as the surface coverage, adsorption capacity,
and strength of the adsorbate—adsorbent interaction.

Additionally, it is possible to compare the adsorp-
tion behavior of diverse systems and evaluate how differ-
ent experimental conditions affect adsorption by using
the non-linear forms of these models. Using this knowl-
edge, adsorption procedures for many industrial applica-
tions can be optimized. In conclusion, it should be noted
that the non-linear versions of the Langmuir, Freundlich,
Dubinin—Radushkevich, and Temkin models are crucial
because they enable the fitting of experimental data to the

models and offer crucial details about a system’s adsorp-
tion behavior. They may be applied to improve adsorption
processes for diverse industrial applications, compute sig-
nificant adsorption parameters, and compare the adsorp-
tion behavior of various systems.

3.6. Kinetics

Adsorption kinetics studies are important for designing
adsorption systems and gaining a comprehensive under-
standing of the adsorption reaction pathway, equilibrium
time, and identifying potential steps that may influence
the sorbate and adsorbent interaction at the liquid—solid
interface [11,24,25]. These studies are crucial for research-
ers to establish practical industrial adsorption systems.
Four widely used kinetics models, namely the pseudo-first-
order rate equation (PFORE) [26], pseudo-second-order rate
equation (PSORE) [27], intraparticle diffusion (IPD) [28], and
Elovich models [29], were used to manage the outcome data
and determine the best-fitted kinetics model representing
the kinetics adsorption process. The interaction time impact
and its order in terms of adsorption kinetics were evalu-
ated using the PFORE, PSORE, IPD, and Elovich models in
an effort to represent the AR97 and MB diffusion process
and their controlling step (Table S2).

The PSORE model assumes that the adsorption process
is controlled by a chemisorption mechanism involving the
sharing or transferring of electrons between the adsorbate
and adsorbent surface, while the PFORE model assumes
that the rate of the adsorption process is directly propor-
tional to the variation between g, and g,. Linearized fitting
was used to assess the model’s applicability, as shown in
Fig. 7. Comparing the computed (R?) values for the two
models presented in Table 6, it is clear that the results of
AR97 and MB adsorption onto MOR were not fit with the
PFORE model and are better suited with the PSORE model.
Theoretically, there are three significant phases involved in
the migration of the adsorbate from the bulk solution to the
adsorbent (solid) surface. The first stage involves the bulk
solution’s AR97 and MB molecules being externally trans-
ferred to the MOR surface (film diffusion). In addition, the
molecules AR97 and MB diffuse through the MOR pores
to occupy the adsorptive sites (intraparticle diffusion).
Lastly, a consistent distribution of anionic AR97 and MB
molecules on the MOR surface is linked to a potent connec-
tion between those molecules and the negatively charged
MOR [30-32].

In comparison to their linear equivalents, non-linear
adsorption kinetics models such the pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and Elovich
models have the following advantages:

Non-linear models are often more accurate in fitting
experimental data than linear models, especially when the
data is complicated or noisy; reveals information about
the adsorption mechanism: non-linear models can reveal
details about the adsorption mechanism, such as the rate
constant and the activation energy, which can be utilized
to understand the adsorption process; predictive ability:
non-linear models can be used to forecast system behaviour
based on its present condition. This is especially helpful
for improving adsorption processes; non-linear models are
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Fig. 5. Response surface plots and contour plots for the effects of conc., dose, pH on (a) Acid Red 97 and (b) methylene blue

adsorption.
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Table 3

Analysis of variance for Acid Red 97 adsorption as the effect of time

K.A. Alibrahim / Desalination and Water Treatment 298 (2023) 155-173

Source Sum of squares df Mean square F-value p-value
Model 0.1604 9 0.0178 157.89 <0.0001 Significant
A-Dose 0.0176 1 0.0176 155.69 <0.0001
B-Time 0.0811 1 0.0811 718.57 <0.0001
C-pH 0.0543 1 0.0543 480.49 <0.0001
AB 0.0000 1 0.0000 0.2423 0.6332
AC 0.0007 1 0.0007 6.12 0.0329
BC 0.0001 1 0.0001 0.9260 0.3586
A? 0.0003 1 0.0003 2.65 0.1348
B 0.0056 1 0.0056 49.34 <0.0001
c 0.0005 1 0.0005 4.28 0.0653
Residual 0.0011 10 0.0001
Lack of fit 0.0011 3 0.0004
Pure error 0.0000 7 0.0000
Cor. total 0.1616 19

Table 4

Analysis of variance for methylene blue adsorption as the effect of time
Source Sum of squares df Mean square F-value p-value
Model 0.1074 9 0.0119 123.03 <0.0001 Significant
A-Dose 0.0179 1 0.0179 184.69 <0.0001
B-Time 0.0288 1 0.0288 297.07 <0.0001
C-pH 0.0558 1 0.0558 575.53 <0.0001
AB 9.060E-06 1 9.060E-06 0.0934 0.7662
AC 0.0006 1 0.0006 6.04 0.0338
BC 0.0000 1 0.0000 0.3766 0.5531
A? 0.0003 1 0.0003 2.75 0.1284
B? 0.0032 1 0.0032 32.70 0.0002
C? 0.0006 1 0.0006 5.87 0.0359
Residual 0.0010 10 0.0001
Lack of fit 0.0010 3 0.0003 77000.70 <0.0001 Significant
Pure error 2.940E-08 7 4.200E-09
Cor. total 0.1084 19

typically more resistant to changes in experimental circum-
stances, such as temperature and pH, which might influ-
ence the adsorption kinetics, and enables comparison of
several adsorbents: non-linear models can be used to eval-
uate the adsorption kinetics and equilibrium adsorption
capacities of various adsorbents.

In conclusion, compared to their linear counterparts,
non-linear adsorption kinetics models, such as the pseu-
do-first-order, pseudo-second-order, intraparticle diffusion,
and Elovich models, have several advantages. These advan-
tages include improved experimental data fitting accu-
racy, information on the adsorption mechanism, predictive
power, robustness to changes in experimental conditions,
and the ability to compare various adsorbents.

3.7. Effect of temperature

Variable concentrations of water contaminants in
aquatic solutions can have a significant impact on the

effectiveness of adsorbents for treating contaminated
water and wastewater. In this study, the concentrations of
the examined water contaminants, MB and AR97, had a
significant impact on their adsorption onto MOR at dif-
ferent ambient temperatures of 298, 308, 318, and 328 K.
The data presented in the study clearly demonstrated that
the amount of sorbed MB and AR97 was proportional to the
increase in initial MB and AR97 concentration, as depicted
in Fig. 8. The study also investigated the parameters of
thermodynamics that were dependent on temperature.

Table 7 summarizes the results, including the AG®°,
AS°, and AH° values. The negative values of AG® at vari-
ous temperatures controlled the spontaneity of the MB and
AR97 adsorption process onto MOR. The spontaneity of
the adsorption process was confirmed at higher tempera-
tures by the increase in the negativity of the AG® values, and
vice versa. The positive values of AS® justified the increase
in system unpredictability at the solid-liquid interface
[33-35].
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Table 5
Parameters for the isothermal modeling of Acid Red 97 and methylene blue sorption onto MOR sorbent
Isotherm Equations Value of parameters Methylene blue Acid Red 97
Desp (mmol/g) 1.75 1.736
C, 1 C, 1 1.72 1.714
Langmuir £ = +—= 4, (mmol/g)
q, 4.k, g, K, (L/mmol) 0.126 0.389
R? 0.999 0.998
i n 1.3 1.66
Freundlich Ing, =InK, +—InC, K, (mmol/g)(L/mmol)"" 7.78 6.48
" R 0.7863 0.726
Qur 1.172 0.599
. . K, (J#mol?) -1.667E-09 -1.537E-09
Dubinin-Radushkevich Ing, =In -K & DR
ubmin-Radushievic . = 1nQor ~Koe E_(KJ/mol) 18.84 40.65
R? 0.788 0.764
B, (L/mol) 11,482.63 61,326.4
Temkin q,=B;InK, +B,InC, A, (KJ/mol) 16.82 48.72
R? 0.8546 0.824
0.00035
Langmuir i
0.00030 ( g ) ,§,§ (Freundlich) o *o
FX 0.00 ® X
__0.00025 - Y *
E e e o d
zéo.ooozo . /9 g- -0.91 9 . &
£0.00015 - =3 = ° *
Iy - @ «F
P .82
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Fig. 6. Adsorption isotherm for Acid Red 97 and methylene blue.
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Fig. 7. Kinetic model of Acid Red 97 and methylene blue adsorption on MOR.

The Box-Behnken design, using temp., pH, and dose
as X, X,, and X,, respectively, indicated that the optimum
conditions for AR97 were pH 3 and time 100 min, with
a dose of 0.01 g. The model was found to be significant,
with a model F-value of 156.62. Model terms with p-values
less than 0.0500 were considered significant. On the other
hand, the best conditions for MB were found to be pH 9,
dose 0.01 g, and time 100 min (Fig. 9). The model was also
found to be significant, with a model F-value of 35.81. The
study of the effect of temperature indicated that the reac-
tion was spontaneous and endothermic, as the adsorption

and removal efficiency increased with an increase in tem-
perature, as shown in Tables 8 and 9.

3.8. Optimization of factors

Using the programmed Design-Expert 7.0, optimal
values for the adsorption of AR97 and MB on MOR were
predicted. In a typical design, the response factor was
set to maximum, while the other three factors were set in
a range from low (1) to high (+1). The favored solution
with the greatest response was ultimately picked from the
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Table 6
Kinetic modeling parameters of methylene blue@Acid Red 97 sorption onto MOR sorbent
Model Equations Value of parameters Methylene blue Acid Red 97
K K, (min™) 0.14 0.0125
Pseudo-first-order kinetic log(qﬂ -1, ) =logg, - [ 2 363 jt g, (mmol/g) 0.188 0.324
R? 0.898 0.882
; 1 ¢ K, (g/mg-min) 0.388 0.217
Pseudo-second-order kinetic PR g, (mmol/g) 1.744 1.68
B Bl e R: 0999 0999
K, (mg/g-min'?) -7.56 -7.057
Intraparticle diffusion g, =Kt"”+X X (mg/g) 0.611 0.577
R? 0.766 0.745
1 1 B (g/mg) 3.85 3.89
Elovich q,= fln((x[.’))+flnt a (mg/g-min) 2.96 2.79
P P R? 0.755 0.764
Experimental data g, (exp) (mmol/g) 1.716 1.705
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Fig. 8. Effect of temperature on adsorption of Acid Red 97 and methylene blue on MOR (a) van't Hoff and (b) Arrhenius.

Table 7

Thermodynamic parameter of adsorption of Acid Red 97 and methylene blue by MOR

Adsorbate AH® (KJ/mol) AS® (J/mol-K) T, (K) ~AG® (KJ/mol)

293K 298 K 303K 308 K 318K
Methylene blue 21.05 75.86 276.19 127 1.65 24 2.79 3.17
Acid Red 97 16.46 64.87 25227 2.64 2.89 3.29 36 426

software-generated solutions. Table 10 provides exam-
ples of these projected values under ideal conditions and
experimental values [36].

4. Mechanism of interaction

The rate of dye adsorption onto nano-adsorbent is influ-
enced by several parameters, including pH, temperature,
contact time, and dye concentration. A thorough investiga-
tion of how these parameters impact the adsorption rate is
crucial in facilitating the understanding of the adsorption
mechanisms. There are various physico-chemical adsorption

mechanisms utilized for treating AR97 and MB dyes, includ-
ing electrostatic interaction. AR97, being an anionic dye, has
a negative charge on its surface during dissociation and is
attracted to the positively charged surface of the adsorbent at
pH lower than pH,,. 7.2, leading to adsorption at pH 3. In
contrast, MB, being a cationic dye, has optimal adsorption at
pH 10 as it has a positive charge during dissociation that is
attracted to the negatively charged surface of the adsorbent at
pH higher than pH,, signifying that it has a positive charge
on its surface. Other mechanisms include hydrogen bond
linkage, surface complexity, and TI-IT interaction, which are
possible due to the presence of aromatic rings in both dyes.
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Fig. 9. Response surface plots and contour plots showing the impact of temperature on (a) Acid Red 97 and (b) methylene blue
adsorption, respectively.

Table 8
Analysis of variance regarding the impact of time on methylene blue adsorption

Source Sum of squares df Mean square F-value p-value
Model 0.1602 9 0.0178 156.62 <0.0001 Significant
A-Temp. 0.0810 1 0.0810 712.74 <0.0001
B-pH 0.0542 1 0.0542 476.50 <0.0001
C-Dose 0.0176 1 0.0176 154.62 <0.0001
AB 0.0001 1 0.0001 0.9405 0.3550
AC 0.0000 1 0.0000 0.2415 0.6337
BC 0.0007 1 0.0007 6.09 0.0333
A? 0.0056 1 0.0056 48.93 <0.0001
B? 0.0005 1 0.0005 4.23 0.0667
c? 0.0003 1 0.0003 2.61 0.1375
Residual 0.0011 10 0.0001
Lack of fit 0.0011 3 0.0004
Pure error 0.0000 7 0.0000
Cor. total 0.1614 19

Table 9

Analysis of variance for Acid Red 97 adsorption as the effect of time

Source Sum of squares df Mean square F-value p-value
Model 0.1100 9 0.0122 35.81 <0.0001 Significant
A-Temp 0.0340 1 0.0340 99.75 <0.0001
B-pH 0.0559 1 0.0559 163.88 <0.0001
C-Dose 0.0142 1 0.0142 41.69 <0.0001
AB 0.0000 1 0.0000 0.1130 0.7437
AC 0.0003 1 0.0003 0.9059 0.3637
BC 0.0006 1 0.0006 1.73 0.2172
A? 0.0025 1 0.0025 7.39 0.0216
B? 0.0016 1 0.0016 4.68 0.0559
c? 0.0005 1 0.0005 1.46 0.2548
Residual 0.0034 10 0.0003

Lack of fit 0.0022 3 0.0007

Pure error 0.0013 7 0.0002

Cor. total 0.1134 19
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Table 10

Optimal values for the adsorption of Acid Red 97 and methylene blue on MOR

Parameter Dose (g) Conc. (mmol) pH g, (mmol/g)

Dye AR97 MB AR97 MB AR97 MB AR97 MB
Predicted 0.01 0.01 0.0034 0.0197 3 10 1.68 1.62
Experimental 0.01 0.01 100 3 10 1.705 1716
Table 11 adsorption of both cationic (methylene blue) and anionic

Comparison of adsorption of Acid Red 97 for MOR with
different adsorbents

Adsorbent q, (mg/g) References
HC 1,126.62 [37]
Zn,Al-NO, LDHs 299.50 [38]
ABR 372.69 [39]
Activated carbon 554.35 [40]
Yemen natural clay 196.70 [41]
ABR 352.15 [42]
MOR 1,212.76 This search
Table 12

Comparison of adsorption of methylene blue for MOR with
different adsorbents

Adsorbent q, (mg/g) References
Neem sawdust 3.62 [43]
Beer brewery waste 4.92 [44]
Cow dung ash 531 [45]
Coir pith carbon 5.87 [46]
Orange peel 20.50 [47]
Activated olive stones 221 [48]
Cogon grass 27.40 [46]
Banana peel 29.94 [49]
Corn husk 30.33 [50]
Cu-BTC 143.27 143.27 [50]
HKUST-1/GO 140 [51]
ZIF-8 522.95 [35]
MOR 559.8 This work

5. Comparison with another adsorbent

The adsorption capacity of MOR compared to those
reported in the literature is presented in Table 11 for the
adsorption of AR97 and Table 12 for the adsorption of
MB. Based on this comparison, MOR provides the high-
est adsorption capacity reported to date for the adsorp-
tion of AR97 and MB dyes. This finding suggests that the
prepared adsorbent could be a potential candidate for the
efficient removal of acidic dyes from aqueous solutions.

6. Conclusion

The objective of this research was to explore the poten-
tial of MOR (modified orange residue) in enhancing the

dyes (Acid Red 97). The study used Box-Behnken design
and response surface methods to determine the most effec-
tive experimental setups for increased dye removal. Three
variables, including pH of the solution, amount of dye
present, and mass ratio of MOR, were selected and their
impact on adsorption of AR97 and MB was analyzed. The
results indicated that all three parameters played a signifi-
cant role in the adsorption process. It was observed that the
mass ratio of MOR had a greater influence on AR97 adsorp-
tion than on MB adsorption. In contrast to MB adsorption,
the adsorption of AR97 was found to be more sensitive to
the concentration of the dye in the solution. Furthermore,
the study revealed that the interaction between solution
pH and dye concentration had a greater impact on AR97
adsorption compared to MB adsorption. The analysis of
linear-by-linear interactions indicated that the interaction
between dye concentration and mass ratio of mordenite had
a more significant influence on MB adsorption compared
to AR97 adsorption. The study found that at low dye con-
centrations, the mass ratio of MOR had a greater impact
on MB adsorption. On the other hand, the adsorption of
AR97 was highly dependent on its concentration in solution
at low pH levels. The analysis of the adsorption isotherm,
which was kinetically fitted to the pseudo-second-order,
indicated that the adsorption process was chemisorption, as
the binding energies for both dyes were greater than 8 kJ/
mol. The thermodynamic analysis confirmed that the reac-
tion was endothermic and spontaneous, and the adsorption
capacity increased with the rise in temperature.
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Supporting information
S1. Adsorption isotherm

Isotherm studies give significant visions by clarify-
ing the adsorbate distribution between solid and solution
phase during the adsorption equilibrium, and adsorption
isotherms expose the behavior of adsorbate how to interact
with adsorbent. Equilibrium revisions that give the capacity
of the adsorbent and adsorbate are described by adsorption
isotherms, which is usually the ratio between the quantity
adsorbed and that remained in solution at equilibrium at
fixed temperature. Numerous isotherm models have been
used for considering the equilibrium adsorption of com-
pounds from solutions such as Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin.

The Langmuir isotherm model accepts the uniform
energies of adsorption onto the adsorbent surface. It is
based on statement of the existence of monolayer adsorp-
tion onto a completely homogeneous surface with a fixed
number of identical sites and with negligible interaction
between adsorbed molecules. The Freundlich model is an
empirical equation based on adsorption of heterogeneous
surface or surface supporting sites of varied affinities. It is
assumed that the stronger binding sites are occupied first,
and that the binding strength decreases with the increas-
ing degree of site occupation. Dubinin—-Radushkevich iso-
therm is an empirical model initially for the adsorption of
subcritical vapors onto micropore solids following a pore
filling mechanism. It is applied to distinguish the physical
and chemical adsorption for removing a molecule from its
location in the sorption space to the infinity. The Temkin
isotherm assumes that the heat of adsorption of all mol-
ecules in the phase decreases linearly when the layer is
covered and that the adsorption has a maximum energy
distribution of uniform bond.

The linear and non-linear forms of Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin isotherm models and
their parameters are shown in Table S1 where g, the adsorbed
amount of dye at equilibrium concentration (mmol/g),
g, is the maximum sorption capacity (corresponding to
the saturation of the monolayer, mmol/g) and K, is the
Langmuir binding constant which is related to the energy
of sorption (L/mmol), C, is the equilibrium concentration of
dyes in solution (M). K, (mmol/g)(L/mmol)" and n are the
Freundlich constants related to the sorption capacity and
intensity, respectively. K , (J*/mol’) is a constant related to
the sorption energy, Q. (mmol/g) is the theoretical satura-
tion capacity, € (J*/mol?) is the Polanyi potential. R (8.314 J/
mol'K) is the gas constant, T is the temperature where the
adsorption occurs, A, (L/mg) is the Temkin isotherm con-
stant, b, (J/mol) is Temkin constant in relation to heat of
adsorption.

52. Adsorption kinetics

The study of adsorption kinetics describes the solute
uptake rate and evidently this rate controls the residence
time of adsorbate uptake at the solid-solution interface. The
rate of removal of tested dye by adsorption was rapid ini-
tially and then slowed gradually until it attained an equi-
librium beyond which there was significant increase in
the rate of removal Table S2.
where g, is the amount of dye adsorbed (mg/g) at vari-
ous times t, q, is the maximum adsorption capacity (mg/g)
for pseudo-first-order adsorption, K, is the pseudo-first-
order rate constant for the adsorption process (min™), g, is
the maximum adsorption capacity (mg/g) for the pseudo-
second-order adsorption, K, is the rate constant of pseudo-
second-order adsorption (g/mgmin). The straight-line
plots of log(q, — q,) vs. t for the pseudo-first-order reaction
and t/q, vs. t for the pseudo-second-order reaction.

Since neither the pseudo-first-order nor the pseudo-
second-order model can identify the diffusion mechanism,
the kinetic results were further analyzed for diffusion mech-
anism by using the intraparticle diffusion model. The effect
of intraparticle diffusion constant (internal surface and
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Table S1
Isotherms and their linear forms for the adsorption
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Isotherm Equation
Langmuir G _ 1 WL Cons.tants g, and K; ar? calculated by the plot of C /g, vs.
q, 4q,K. g, C, with slope 1/g, and intercept 1/(g,K,)
Freundlich Ing, =InK_ + 1ln C, K, and 1 can be calculated from a linear plot of Ing, vs. InC,
n

Dubinin-Radushkevich Ing, =InQ,, — K€"

Temkin g, =B; InK; +B,InC,

Slope of the plot of Ing, vs. * gives K, (mol*/k]*) and the
intercept yields the adsorption capacity, Q,, (mmol/g)
Parameters B and K, are the Temkin constants that can be
determined by the plot of g, vs. InC,

Table S2

Kinetic parameters and their correlation coefficients for the adsorption

Model

Equation

Pseudo-first-order kinetic log(q -q )=10gq S t
o ° 12303

1 t
Pseudo-second-order kinetic —= 7+ —
7Kg, 4.

Intraparticle diffusion q, =Kt"+X

1 1
Elovich q,= Eln(aﬁ)+glnt

Plot of In(q, — q,) against t gives a straight line with the slope - K|
and intercept Ing,

Values of K, and g, for different initial concentrations of dye were
calculated from the slope and intercept of the linear plot of t/g, vs. t

Parameters K, and C were determined from the linear
plot of g, vs. 2

Constants o and B were obtained from the slope and intercept of a
line plot of g, vs. Int

pore diffusion) on adsorption can be determined by the
following Eq. (7).

where [ is the intercept and k,, is the rate constant of intra-
particle diffusion (mg/g~min1/2) which is determined from
the linear plot of g, vs. t¥2, and it is usually used to com-
pare mass transfer rates. According to this model, the plot
of uptake, g, vs. the square root of time, t'2 should be lin-
ear if intraparticle diffusion is involved in the adsorption
process and if these lines pass through the origin, then
intraparticle diffusion is the rate controlling step. The
intraparticle diffusion rate constant and intercept values
are displayed in (Table 52).

The Elovich equation is used for general application to
chemical adsorption. The equation has been applied sat-
isfactorily to some chemical adsorption processes and has
been found to cover a wide range of slow adsorption rates.
The same equation is often valid for systems in which the
adsorbing surface is heterogeneous, and is formulated
as Eq. (8):
where o is the chemical adsorption rate (mg/mg-min) and
is a coefficient in relation with the extension of covered sur-
face and activation energy of chemical adsorption (g/mg).
Plot of g, vs. Int gave a linear relationship with slope of
(1/B) and an intercept of (1/B) In(af). The 1/p value reflects
the number of sites available for adsorption whereas the
value of (1/B) In(ap) indicates the adsorption quantity when
Int equal to zero.

Thermodynamic

It is important to investigate the effect of temperature on
adsorption in a view of practical application. The adsorption
experiments were carried out at different temperatures. The
behavior confirms that the adsorption process if it endo-
thermic or exothermic. This observation can be attributed
to increasing of the mobility of the adsorbate molecules
and rate of diffusion of adsorbate molecules across the sur-
face of adsorbent with increasing temperature, which leads
to an increase in the adsorption capacity. The adsorption
equilibrium constant, K. was determined [Eq. (9)] and used
with the van’t Hoff equation [Eq. (10)] and conventional
thermodynamic equation [Eq. (11)] for evaluating the ther-
modynamic constants of the sorbents (i.e., the standard
enthalpy change, AH®, the standard free Gibbs energy, AG°®,
and the standard entropy change, AS°).

9.
K =-* 9
=T ©)
where g, and C, are equilibrium concentrations of CV and
MG on the adsorbent and in the solution, respectively.
AG°=-RTInK, (10)

AG® = AH®—TAS® (11)
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Therefore, the van’t Hoff equation becomes: The value of standard enthalpy change (AH®) and stan-
dard entropy change (AS°) for the adsorption process are
_AH° AS° thus determined from the slope and intercept of the plot of
InK_ = RT R (12)  InK vs. UT.
Table S3

List of abbreviation

Symbol Definition

q, Adsorbed amount of dye at equilibrium concentration, mmol/g

. Maximum sorption capacity (corresponding to the saturation of the monolayer, mmol/g)
K, Langmuir binding constant which is related to the energy of sorption, L/mmol
C, Equilibrium concentration of dyes in solution

K, Freundlich constants related to the sorption capacity, (mmol/g)(L/mmol)""

n Intensity

Kox Constant related to the sorption energy, J*/mol?

Qux Theoretical saturation capacity, mmol/g

€ Polanyi potential, J*/mol?

R Gas constant, 8.314 J/mol-K

T Temperature where the adsorption occurs

A, Temkin isotherm constant

b, Temkin constant in relation to heat of adsorption, J/mol

q, Amount of dye adsorbed, mmol/g

K Rate constant for pseudo-first-order constant for the adsorption processes, min™
q, Maximum adsorption capacity for pseudo-second-order

K, Rate constant for pseudo-first-order constant for the adsorption processes, g/mg-min
a Chemical adsorption rate, mg/g-min

B Coefficient in relation with extension of covered surface

AG® Free Gibb’s energy

AH° Enthalpy

AS° Entropy

K Distribution coefficient

C Concentration at equilibrium, mg/L
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