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ARTICLE INFO ABSTRACT

Keywords: In this work, the efficiency of the treated plant Carpobrotus edulis (TPCE) as an effective bio-
Adsorption sorbent for removing the orange G (OG) and crystal violet (CV) dyes from aqueous solution was
Dye

investigated. TPCE was characterized by FT-IR, S5, pH, and SEM-EDX. The influence of param-
eters such as bioadsorbent dose, contact time, initial concentration, temperature and pH was
Response surface methodology (RSM) | . . . . .
Monte Carlo simulations tested using Taguchi experimental design (TED) with Lg orthogonal array (five parameters in two
Molecular dynamics (MD) levels). The initial concentration, bioadsorbent dose and contact time are the main parameters for
the removal of CV and OG dyes, while the effects of pH and temperature are minimal. The
maximum removal efficiency of dyes under optimal operating conditions was 97.93 % and 92.68
%, respectively. which at the optimal conditions of 3 g/L, pH 10, 20 mg/L, 35 °C, 5 min and 15 g/
L, pH 4, 20 mg/L, 35 °C, 60 min for CV and OG dyes, respectively. The results of response surface
methodology (RSM) and analysis of variance (ANOVA) showed that the initial concentration C; of
CV dye was the most significant factor in the adsorption efficiency with a contribution of 51.56 %.
On the other hand, the OG bioadsorbent dose is the most important factor in adsorption efficiency
with a percentage contribution of 56.41 %. The Density Functional Tight Binding (DFTB) method
shows that dyes strongly bind the adsorbent surface. Monte Carlo and molecular dynamics sim-
ulations show significant interactions between dye and adsorbent surface. The reusability of
biomaterial indicated that the adsorption performance dropped very slightly up to five cycles.

Taguchi experimental design (TED)

1. Introduction

Crystal violet (CV), as one of the toxic cationic dyes, is considered a practical and common dye in many industrial fields (textiles,
pharmaceuticals ...), but is also considered a difficult compound to manipulate due to its non-biodegradability. CV has carcinogenic,
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mutagenic and harmful effects on humans [1,2]. CV in the body causes fatal diseases such as hypermobility, abdominal pain and
respiratory diseases [3]. Orange G (OG) is an anionic dye, a very toxic, mutagenic, carcinogenic and pathogenic compound used in
various industrial sectors such as wool and fiber, paper, leather, etc., and is banned for cosmetic and pharmaceutical products due to its
toxicological profile [4,5].

Unfortunately, many industries dump their polluted water into the oceans or lakes, leading to groundwater and surface water
contamination. Researchers around the world are trying to combat environmental pollution. Therefore, the issue of removing dyes
from water sources remains one of the most important issues, especially in recent years. Some methods are widely used, such as
nanofiltration, reverse osmosis [6], coagulation—flocculation [7], oxidative degradation [8-10], hybrid treatments [11] and mem-
brane filtration [12]. However, among all these techniques, many researchers generally prefer adsorption as a simple and inexpensive
process.

In addition to the most commonly used sorbents, namely zeolite [13], activated carbon [14,15], and newly synthesized composites
[16-19], biomaterials, which represent an ecological and environmentally friendly option, have recently been presented as
cost-effective and efficient adsorption of harmful dyes in aqueous solutions [20-22]. In this work, the plant C. edulis was used as an
adsorbent to remove CV and OG dyes from an aqueous solution. The choice of these carriers is based on their abundance, non-toxicity,
ease of preparation and low cost, also in combination with a variety of functional groups that can fix the dyes, including hemi-
celluloses, lipids or lignin [23,24]. On the other hand, chemical modification of these plants by chemical agents allows increasing the
efficiency of dye adsorption, and in this category, pretreatment with an acid or base was the most common modification method [25].

The factors and experiences that influence the process are each realized in the form of a factor. In this methodology, the different
parameters are realized by changing the actual parameter under study at different levels while leaving other parameters unchanged.
The experiments are repeated for all parameters, which significantly increases the number of experiments to achieve optimal con-
ditions using this approach. To overcome these obstacles, various experimental design methods based on statistical and mathematical
approaches have been developed, such as Taguchi Experimental Design (TED) and Response Surface Methodology (RSM) [26-28]. The
influence of parameters on the response could be determined using the Taguchi method with an experimental design approach; in
addition, optimal process conditions could be achieved with TED. This method provides optimal conditions with a minimum number of
experiments with orthogonal arrays, thereby reducing costs. The RSM method is most useful for designing experiments and analyzing
the results to draw a meaningful and robust conclusion. The RSM method is a specialized collection of mathematical and statistical
techniques used to design experiments, estimate optimal conditions, build models, determine the effects of independent parameters on
dependent parameters, and achieve optimal conditions for multiple responses in parallel. Furthermore, the graphs created by the RSM
approach are three-dimensional, so the evolution of all parameters can be represented in a single graph [29,30].

The extensive use of organic dyes has led to their widespread occurrence in the environment, which has been recognized as a
potential threat to human health and aquatic ecosystems. Because there are scientific and societal concerns about the impacts of these
emerging pollutants, there is a need to better understand their effective removal from the environment. However, studying the
complex interactions between these dyes and sorbents at the molecular level presents significant challenges.

This article focuses on the experimental design to optimize the adsorption of dyes of triphenylmethane (CV) and diazo (OG) classes
on the biomaterial based on the plant Carpobrutus edulis modified by alkaline treatment (TPCE) using TED and RSM. The main pa-
rameters affecting the removal efficiency were selected as control factors: bioadsorbent ratio, contact time, initial concentration,
temperature and pH. A linear mathematical model was created to illustrate the effects of the various factors and their interactions.
These include the main effect for each parameter, the normal probability of residuals, analysis of variance (ANOVA), effects and
interactions between the operating parameters. Furthermore, we investigated the properties of treated plants as biosorbents with
properties to understand the adsorption mechanism and dynamic behavior of the orange G and crystal violet dyes. To consider various

Fig. 1. Structural formulae of the dyes: (a) Crystal Violet, (b) and Orange G (C = grey, H = white, N = blue, Cl = green, O = red, Na = dark grey, S
= yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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critical aspects such as the influence of different adsorption sites, the adsorption energetics and the underlying mechanism, we used the
Density Tight Binding Functional Theory (DFTB+) approach, Monte Carlo simulations and Molecular Dynamics (MD) simulations.

2. Materials and method
2.1. Preparation of dyes solutions

All agents employed in this work were of the purest analytical quality and were purchased from Sigma Aldrich. The cationic dye
Crystal Violet (molecular formula Ca5N3H3oCl, MW: 407.98 g/mol, Apax of 580 nm, and the molecular dimension of the CV: (length) =
11.37 A; (width) = 10.25 [o\) and Orange G (molecular formula Ci6 H1g NoNay07Sz, MW: 452.38 g/mol, and Apax of 476 nm, and the
molecular dimension of the OG: (length) = 13.8 10\; (width) = 8.3 /o\) as an example of a toxic anionic dye, were removed from the
aqueous solution. The pH of the solution was monitored with 0.1 M of hydrochloric acid and sodium hydroxide. Double distilled water
was used to prepare all solutions. The structures of CV and OG are shown in (Fig. 1a and b).

2.2. Preparation of biosorbent

The native plant Carpobrotus edulis (NCE) was collected in the Souss-Massa region (Morocco). The aim of the chemical treatment of
biomaterials is, on the one hand, to activate and increase the adsorption capacity by removing particles that naturally adhere to ion
exchange surfaces, such as trace elements (calcium, sodium), and on the other hand, elimination of as many soluble chemical elements
as possible (soluble organic substance) in aqueous solutions. NaOH-modified Carpobrotus edulis plant (TPCE) was prepared by shaking
particles of C. edulis plant (100 g) in 0.1 N NaOH solution at ambient temperature for 8 h. The biomaterial was then gently washed with
distilled water until the pH became neutral, and then the treated material was dried at 60 °C for 72 h. The biomaterial was crushed and
passed through a (<250 pm) mesh sieve, and then stored in a desiccator for the remainder of this work.

2.3. Adsorption experiment

The batch adsorption capacity of the treated plant was tested by modifying physical parameters such as bioadsorbent ratio, pH,
temperature, initial concentration and contact time. A Defined mass of adsorbent was weighed and placed in an Erlenmeyer flask (100
mL) with 40 mL of dye solution of a defined concentration (CV or OG). The solutions were stirred for sufficient time to reach equi-
librium and then centrifuged at 3000 rpm for 5 min. The concentration of the different dyes in the aqueous solution was calculated
using a UV-Vis spectrophotometer (Jasco V-630 UV/Vis spectrophotometer). The wavelengths of the adsorption maximum are 580
and 476 nm for crystal violet and orange G, respectively.

The response R (%) is the percentage of adsorption of the dyes by the selected biomaterial according to the following formula (Eq.

1)
(Ci B Cc)

i

%Removal = x100 (€D)

Cop and C, are the initial and equilibrium concentrations (mg/L), respectively, of the relevant dyes.

2.4. Modeling and experimental designs

2.4.1. Taguchi experimental design (TED)

The Taguchi method brings a significant improvement to full and partial factorial designs by significantly reducing the number of
trials while maintaining good accuracy. This method provides insights that lead to the optimization of the system under investigation.
It allows determining the optimal values of the different parameters that control the process and identifying the most influential
factors, the possible interactions between the factors and the minimum number of measurement points to obtain maximum infor-
mation [31,32].

To carry out this work, we used MINITAB software, which facilitates the creation and interpretation of data. The experiments were
performed randomly, with a lower and a higher level for each parameter. Using a statistical analysis of variance, the concept was
validate and the percentage contribution of the various factors to the adsorption efficiency was calculated. This Taguchi method was

Table 1
Coded parameters and experimental values for the removal of dyes using TED.
parameters Symbols Ranges and levels
Low (~1) High (+1)
Bioadsorbent ratio (g/L) R 3 15
Contact time (min) te 5 60
Initial concentration (mg/L) C; 20 200
pH pH 4 10

Temperature (°C) T 18 35
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based on 8 adsorption experiments as shown in Table 1.

2.4.2. Response surface methodology

The RSM is used extensively for optimization and development in numerous disciplines, particularly in chemistry. RSM is a holistic
method that, based on the comparison of empirical models and experimental test results, takes into account the effects of individual
factors, their combination and interactions on the process, thus enabling successful prediction and optimization of the specific process
[33,34]. In general, a linear empirical model is applied to accurately describe the dependence of the response on certain independent
parameters. Independent variables include large effects, higher-order main parameters, and higher-order bidirectional interactions
between parameters. The RSM is generally used in the Box-Behnken design.

2.5. Computational details

2.5.1. DFTB+

For all density functional-based tight binding (DFTB) calculations, we used the software tool DFTB + [35-38]. DFTB+ is a
comprehensive open source software suite designed for efficient and fast atomistic quantum mechanical simulations. It enables the
simulation of large systems and long time scales with reasonable accuracy and offers significant speed advantages over traditional ab
initio methods [35,36]. DFTB + includes various approximations of density functional theory (DFT), including DFTB and the extended
tight binding method. DFTB is particularly suitable for the simulation of organic matter, insulators, solids, clusters, semiconductors,
metals and even biological systems as it provides an efficient and accurate approach [39]. In our study, we used the 30B-Koster library
set [36] to evaluate the potential interactions between atoms. The convergence tolerance for energy was set to 0.01 kcal/mol, while the
force tolerance was set to 0.1 kcal/mol. Additionally, the displacement tolerance was set to 0.001. To provide a visual representation of
the adsorbent model, Fig. 2 illustrates its structure. The model size was: 7 x 7 (composed of: 126C and 30H atoms) graphene layer to
accommodate the CV or OG molecules (adsorbates) [40].

The interaction energy, both, in vacuum is evaluated as follow [40-48]:

Einleraclion = ECV or GO/Adsorbent — (ECV or GO + EAdsurbenl)

where Eadsorbent/cv or 0G iS the total energy of the adsorption system. Eagsorbent and Ecy or go are the energies of the isolated CV or GO
and adsorbent respectively.

2.5.2. Monte Carlo and molecular dynamic

We used Monte Carlo (MC) simulations to investigate the interaction between CV and OG and the modeled biomaterial surface
within the simulated adsorption environment. The MC calculations included the biomaterial surface, one sofosbuvir molecule, and one
thousand water molecules. For these simulations, we used the COMPASSII force field [49], which is known for its precision and
reliability in MC calculations.

To further investigate the system dynamics, molecular dynamics (MD) simulations were performed under the NVT ensemble at 298
K [44,46,50-52]. The Total simulation time was 0.8 ns (ns) for MD experiments [51-56]. This allowed us to observe the behavior and
movement of the molecules within the system over a longer period of time, and provide information about their interactions and the
entire adsorption process.

3. Results and discussion
3.1. Characteristics of biadsorbent

As mentioned in our previous work [57], detailed characterization of C. edulis plant in native and treated states was carried out
using different techniques.

Fig. 2. Optimized structure of the adsorbent model used for theoretical DFTB + calculations.
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The plant treated with the chemical agent NaOH shows that after treatment the pores have a larger volume and a greater variety of
porosity and micropore size, which confirms a large surface area and therefore allows a better adsorption possibility of the dyes in
these pores, confirmed the surface modification of the studied biomaterial after treatment (Fig. 3a).

To determine the chemical elements present in the biomaterial, elemental analysis was performed (Fig. 3 b, Table 2). The data
indicate the significant presence of carbon and oxygen, which are the main elements of the biomaterial. While the native C. edulis plant
(NCE) is characterized by its high content of sodium, chloride, potassium and calcium elements. Basic treatment of this plant removes
all sodium, chloride, potassium and calcium elements. The release of K™, Ca?t and Na ™ would facilitate the adsorption of CV, which is
characterized by a cationic nitrogen group (N). The release of Cl™, on the other hand, would facilitate the adsorption of the OG dye,
which is characterized by two anionic sulfonate groups.

The FT-IR spectrum of the plant in the treated state is shown in Fig. 3 c. The biomaterial indicates the peak at 3400 cm ! referring to
the OH stretching vibration. The peak at 2900 cm™! refers to the C-H stretching vibration. The bands at 1600 cm™! relate to the
valence vibrations of the carboxyl groups. The band lies between 1050 cm ™! and 1320 cm ™! attributed to the alcohol and amine (NH)
vibrations.

The pH, of C. edulis plant slightly decreased from pH, 7.6 to 7 after NaOH treatment, which resulted in a shift in the adsorption
range of cationic species such as CV dye to lower pH values. Therefore, at a pH value above pH,, the surface of the biomaterial is
negatively charged, which favors the adsorption of cationic substances, while at pH < pH, the surface is positively charged and repels
cationic substances.

Basic treatment of the C. edulis plant (NCE) results in a significant increase, almost a doubling of the surface area value (Ss)
(Table 2). This treatment removed the mineral elements and soluble tannins present in the bioadsorbent, resulting in an increase in
porosity and specific surface area.
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Fig. 3. (a) SEM images, (b) EDX analysis, and (c) The FT-IR spectrum of TPCE biomaterial.
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Table 2
Main characteristic of bioadsorbents [58].
Specific surface area (m?/g) PH, Elemental analysis (wt %)
C (0] Na Cl K Ca
NCE 8.86 7.6 42.74 36.71 8.28 8.28 1.17 2.83
TPCE 19.45 7 62.10 37.23 - - - 0.67

3.2. Optimization using TED and RSM studies

3.2.1. Results of the tests performed

The adsorption performance (R%) of each combination was defined as a response and measured using the experimental protocol.
The control factors are bioadsorbent ratio (R), contact time (t.), initial concentration (C;), temperature (T) and pH. The values of the
different experiments are summarized in Table 3.

3.2.2. Influences and interactions between factors (analysis of variance (ANOVA)

The parameters affecting dye elimination were identified by conducting an analysis of variance (Table 4). In this approach, the sum
of squares of each element quantifies its importance in the process. The greater the value of SS, the greater the importance of the
associated element in the process.

Analysis of variance (ANOVA) tests showed that the initial concentration C; of CV dye was considered the most significant factor of
adsorption efficiency with a percentage contribution of 51.56 %. The contact time t. (29.18 %) and the bioadsorbent ratio (18.76 %)
have a moderate influence on the adsorption, whereas the effects of pH (0.27 %) and temperature T (0.16 %) are negligible. On the
other hand, for Orange G, the bioadsorbent ratio is the main factor for the adsorption efficiency with a percentage contribution of
(56.41 %). Furthermore, the percentage contribution of the contact time t. (24 %) together with the initial concentration C; (13.88 %)
is moderate, while the pH (4.36 %) is a factor to be taken into account and the temperature T (0.27 %) is negligible.

In addition, we find that the confidence level of these tests for CV and OG dyes is 99.93 % and 98.92 % as well as the margin of error
is only 0.07 % and 1.08 %, respectively. The relative importance of the different factors is also reflected in the following figure (Fig. 4).

3.2.3. Graphical representation of the impacts and interactions of the main parameters

3.2.3.1. Plotting the average impacts. The average effects of a parameters are determined by the variation in response found as the
parameter varies from one modality to another. The representation of the impacts by a line segment makes it possible to identify their
sign and their amplitude. The effects of the tested parameters on the percentage of dye elimination by TPCE can be seen in (Fig. 5a and

b).

3.2.3.2. The impact of the initial dye concentration. For both systems, the initial dye concentration is an essential factor in the
adsorption mechanism. The influence of the initial dye concentration was investigated in the range of 20-200 mg/L. As the con-
centration increases, the active sites on the surface of the bioadsorbent are quickly saturated by the dye molecules. Therefore, the
percentage of adsorption is reduced. We also found that the negative sign of the initial concentration for both systems means that
pollutant removal is preferred at low concentration values.

3.2.3.3. The impact of the bioadsorbent ratio. The higher the amount of sorbent, the more free and unused sites exist on the biomaterial,
implying the presence of a larger contact area for the dye molecules [59].

Table 3

TED for the five two-level parameters of the adsorbent/adsorbate system.
tests Bioadsorbent ratio (g/L) Contact time (min) Initial Concentration (mg/L) Temperature (C°) pH Removal %

Ccv oG

1 3 5 20 18 4 95.64 40.35
2 3 5 20 35 10 97.93 38.77
3 3 60 200 18 4 64.64 49.76
4 3 60 200 35 10 66.87 38.75
5 15 5 200 18 10 89.44 47.75
6 15 5 200 35 4 90.08 61.66
7 15 60 20 18 10 94.76 85.76
8 15 60 20 35 4 93.53 92.68

From these results, it can be seen that the optimal elimination of CV dye by the adsorbent was 97.93 % under the following optimal parameters: R = 3
g/L, pH 10, C; = 20 mg/L, T = 35 °C, and t. = 5 min. While the minimum removal of 20.87 % was achieved for R = 3 g/L, pH 4, C; = 200 mg/L, T =
18C°, and t. = 60 min. For OG, the maximum elimination was achieved at 92.68 % at the following optimal values: R = 15 g/L, pH 4, T = 35C°, C; =
20 mg/L, with t. = 60 min. On the other hand, the minimum orange G elimination of 38.75 % at R = 3 g/L, pH 10, T = 35C°, C; = 200 mg/L and t. =
60 min.
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Table 4

ANOVA results on adsorption efficiency.
Source of variance Degree of freedom Sum of squares (SS) Contribution

(4% oG Ccv oG (4% oG

Bioadsorbent ratio (g/L) 1 228.23 1806.61 18.76 % 56.41 %"
Contact time (min) 1 354.98 768.71 29.18 % 24.00 %
Initial Concentration (mg/L) 1 627.11 444.62 51.56 %" 13.88 %
Temperature (°C) 1 1.93 8.49 0.16 % 0.27 %
pH 1 3.26 139.61 0.27 % 4.36 %
Error 2 0.88 34.45 0.07 % 1.08 %
Total 7 1216.39 3202.48 100.00 % 100.00 %

2 The most important factor.

Fig. 4. Factors of influence on the adsorption process of CV and OG dyes on TPCE.

The positive sign of the ratio for the TPCE/OG and TPCE/CV systems means that dye removal was favored at high f adsorbent
values. Increasing the TPCE mass from 0.1 to 0.6 g increased the percentage of adsorption; this is caused by the increase in active or
surface sites for a large amount of biomaterial. The influence of the ratio on the percentage is not proportional for both systems studied,
which is consistent with the argument of the nature of the dyes and the surface sites of the adsorbent.

3.2.3.4. Theimpact of the contact time. To achieve the equilibrium between the aqueous solution and the biomaterial, the time factor is
important and mainly affects the adsorption percentage. Consequently, the adsorption time was studied in the interval of 5-60 min.

The positive sign of time for the TPCE/OG system as the contact time increases to 60 min means that dye removal was favored at
high contact time values. In contrast, increasing the contact time from 5 to 60 min for TPCE/CV decreased the percentage of
adsorption.

The difference in kinetic performance and sign of the tested adsorbed/adsorbent systems is due to the nature of the dyes and
biomaterial. The rapidity of adsorption for the TPCE/CV system is mainly explained by the fact that CV contains one cationic C=N"
site while OG has two anionic C-SO®" (sulfonate) sites, as well as the difference in molecular size of these dyes. The fact that the contact
time of CV is shorter than the contact time of OG suggests that the studied bioadsorbent surface contains more anionic than cationic
adsorption sites. In addition, OG is bulky, has a higher molecular weight and a greater surface area (length) than CV.

3.2.3.5. The impact of the pH. We note that for TPCE, the pH, value is in the range of 7. The bioadsorbent particles’ surfaces become
negatively charged for pH values above pH,, which facilitates the adsorption of cationic substances like CV, which has a cationic
nitrogen site. They become positively charged at lower pH levels and are attracted to anionic dyes like OG [60].

The positive sign of pH for the TPCE/CV system means that dye removal was favored at higher pH values. Due to the increase in pH
and the alkaline nature of the solution, the surface of the bioadsorbent becomes increasingly negative, which enhances the phe-
nomenon of electrostatic interactions between the biomaterial and the dye, which is consistent with the observed value of CV
adsorption, as shown in Fig. 5 a. Orange G is an anionic dye with two sulfonate anions in each molecule. The adsorption of this dye in



A. Dabagh et al. Heliyon 9 (2023) e21977

(a) bioadsorbent ratio (g/L) Contact time (min) _Jinitial Concentration (mg/L) Temperature (C°) pH

Mean of SN ratios

3 15 5 60 20 200 18 35 4 10

(b) Bioadsarbent ratio (Q/1) Contacttime (min) Initial Concentration (ma/l) 1 e (C) ot

75

Mean of SN ratios

40

3 15 5 60 20 200 18 35 4 10

Fig. 5. Impacts of the main parameters on the percentage of dye adsorption: (a) CV, (b) OG.

the base medium is limited by the repulsive forces present between the negatively charged dye molecule groups and the negatively
charged biomaterial sites. We can see that the negative sign of the percent elimination is inversely proportional to the pH, which means
that good elimination is inversely proportional to the pH, which means that good elimination efficiency is achieved for the most acidic
pH (pH = 4) for the TPCE/OG system.

3.2.3.6. The impact of the temperature. The influence of temperature plays a significant role in the adsorption system because a
temperature fluctuation can vary the equilibrium constant and the adsorption amount of the biomaterial for a particular solute. The
positive sign of temperature for both TPCE/OG and TPCE/CV systems means that dye removal is favored at higher temperature values.
We also find that the percentage removal of crystal violet and orange G on the TPCE support increases slightly with increasing
temperature from 18 to 35 °C. This indicates that the adsorption process is endothermic, which may be related to the increase in
mobility of molecules with increasing temperature [61]. This could be explained by the homogeneity of the surface of the TPCE
biomaterial demonstrated by SEM.

3.2.4. Interactions between the main factors governing adsorption

In a complex system, the parameters are often coupled, and the variation of one factor can influence the other factors.

The interactions between the different factors (at levels —1 and +1) affecting the adsorption of CV and OG dyes on the used
biomaterial are shown in (Fig. 6a and b).



A. Dabagh et al. Heliyon 9 (2023) e21977

The diagram shows the interactions between the different parameters at both high and low levels (—1 and +1). An interaction is
expressed by the fact that the two lines are not parallel. The more the lines deviate from parallelism, the higher the degree of inter-
action. From the diagram we can see that the most important interactions concern the following combinations.

- Initial concentration - bioadsorbent ratio,
- Initial concentration - contact time,
- Bioadsorbent ratio - contact time.

On the other hand, the other interactions are weak because the lines of the corresponding plot are almost parallel.

3.2.5. Modeling of the adsorption process by linear regression

Modeling and prediction of an equation related to the adsorption process of CV and OG dye on TPCE biomaterial was carried out
using linear regression analysis [62].

The correlation coefficients (R?) were 0.9993 and 0.9892, and the adj -R? were 0.9975 and 0.9624 for CV and OG, respectively. The
high R? and adj-R? values enhance the model’s ability to provide a satisfactory assessment of the response. The theoretical prediction
equations obtained by the linear regression model related to the adsorption performance as a function of the studied control factors are

5 60 20 200 18 35 4 10
v - . . . . . . bioadsorbent
bioadsorbent rato (g/L) - ~ - = = 90 ratio (g/L)
ioadsorbent ratio (g . . 8 3
70 L—==— 15
N —o e———0 % Contact
Contact time (min) \\ ——a R 80 time (min)
— 5
N L) 60
-— P
" . 90 Initial
Initial Concentration (mg/L) .
-——-a -—— - 80 Concentration
70 (mg/L)
— 20
(a) -~ 90 | === 200
Temperature (C°) ~
80
Temperature
70 ()
—— 18
pH —_— 35
H EO 2{ 200 18 3 4 10 Bioadsorbent
L ratio (g/L)
Bioadsorbent ratio (g/L) P / \ N - - -~ o - 80 3
v - [ 60 | == . 15
-— -— —_ —~ , |
LY Contact
Contact time (min) \ -— -~ [ 80 time (min)
\ - T Lo |—e— 5
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o——>0 — 60 Concentration
by L
-——a ~& (mg/L)
F 40 | —o— 20
(b) Temperature (C°) LN [ 80 | — = 200
X - 60 Temperature
N _F40 ()
—— 18
PH — 35

Fig. 6. Interactions of the main factors on adsorption at the TPCE/dye interface: (a) CV, (b) OG.
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given in Equations (2) and (3) below.

R%_CV =94.27 4 0.8902 R — 0.24223¢t.— 0.09837C;+0.0578 T + 0.2129 pH 2)
R%_OG = 38.46 + 2.505 R + 0.3565¢.— 0.0828C; + 0.121 T - 1.392 pH 3)

with R: bioadsorbent ratio; t.: contact time; C;i: initial concentration; T: temperature.

The experimental values of the response R are compared with the values of R calculated by the applied model and their difference is
called the residual. These residuals are used to test the quality of the model. To compare our experimental tests with the theoretical
values, we correlated the values predicted by the model with the values measured during the experimental tests (Fig. 7a and b). From
this figure, we can see that the results of the real tests (points) are aligned with the line y = x, which corresponds to the values predicted
by the theoretical model, indicating that the obtained values are normal and symmetrical. This proves that there are no anomalous or
outlier values.

We can therefore say that the obtained theoretical prediction equations well describe the adsorption process studied for the TPCE/
CV and TPCE/OG system. The experimental results confirm that the established equations represent a good relationship between the
parameters and the response, and the confidence level of this test is 99.93 % and 98.92 % for CV and OG, respectively.

(@)

Percent
w
o
o

0,1

-1 0 1
Residual

(b)

Percent
19,
o

-5 -3 -1 0 1 3 5
Residual

Fig. 7. Graphical representations of predicted values Vs experimental values: (a) CV, (b) OG.
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3.2.6. Significant variable optimization by RSM

After studying the parameters affecting the elimination of CV and OG dyes using the Taguchi approach, the factors for dye
elimination from solution were improved using RSM. Based on the tests conducted in the Taguchi plan, the initial dye concentrations,
bioadsorption ratio and contact time are the significant factors affecting the elimination of CV and OG dyes in the process. These
elements were considered the most significant parameters (independent variables) in the Box-Behenken model of the Surface Response
Methodology (RSM).

The results for the CV and OG dyes are shown in Table 5. The correlation coefficients (R?) were 0.9999 and 0.9999, and adj-R2 were
0.9997 and 0.9999 for the CV and OG dyes, respectively. The good values of R? and adj-R? strengthen the model’s ability to perform
reliable response estimation. As shown in Table 5, the p-value for the linear parameters and the interaction parameters is less than
0.05. From the p-value associated with the nonconformity, it can be concluded that the derived equation agrees with the experimental
results.

Fig. 8 shows the three-dimensional diagrams of the interaction effects. Three-dimensional surface response plots are a relationship
of two independent factors that keep the other factor at a constant level. These charts can provide insight into the relationship between
the two factors and are helpful in understanding the main and interrelationships of the two factors.

Fig. 8a,A demonstrates the interaction of the two factors adsorbent ratio and contact time in the elimination of the two dyes. Dye
elimination increases with increasing contact time and adsorbent ratio. With increasing contact time, adsorption increases due to the
presence of free active sites on the biomaterial surface. In addition, increasing the adsorbent ratio provides more adsorption sites for
the adsorption of the dye molecules on the surface of the biomaterial. Consequently, the interaction of these two factors, leading to a
positive biomaterial surface area and more adsorption sites, increases adsorption. According to Fig. 8b,B, the percentage of dye
removed decreases as the dye concentration of CV and OG increases. The reduction in percent elimination at higher concentrations is
caused by the increase in dye concentration as a function of the number of initial dye molecules present on the surface. For a given
adsorbent ratio, the total number of active sites available is constant and therefore the same amount of sites absorb the analyte, so as
the initial dye concentration increases, the percent elimination decreases. Fig. 8c,C shows the effect of initial dye concentration and
contact time on the percentage of dye removed. It is known that as the contact time increases, the percentage of dye removed must
increase. Because the longer the time, the greater the chance that the dye and adsorption molecules will be exposed.

3.3. DFTB+

The optimized geometry for studying the adsorption interaction between the adsorbent and the CV or OG is shown in (Fig. 9a and
b).

The interaction energy between the OG and CV dyes and the adsorbents strongly depends on the molecular geometry and the
intrinsic electronic properties during adsorption [40]. The configuration and orientation of the adsorbate molecules on the surface of
the adsorbents, as well as the electronic properties of the molecules themselves, have a significant influence on the efficiency of the
interaction [47,63]. These parameters play an essential role in determining the strength and nature of the interaction between
adsorbate and adsorbent and thus influence the entire adsorption process [37,44,52,64].

3.4. Monte Carlo MD simulations

Recognizing the ideal adsorption arrangement of the adsorbate on the adsorbent is fundamental to calculating surface affinity. The

Table 5
Analysis of variance for the quadratic polynomial model for elimination of CV and OG. A: Adsorbent ratio (g/L), B: Contact time (min), C: Initial
Concentration (mg/L).

cv oG
Source DF Sum of Squares Mean Square F-value p-value Sum of Squares Mean Square F-value p-value
Model 9 203.12 22.57 4817.16 <0.0001 5063.64 562.63 3.553E+06 <0.0001
A-A 1 72.78 72.78 15535.14 <0.0001 2264.31 2264.31 1.430E+07 <0.0001
B-B 1 9.33 9.33 1991.72 <0.0001 1188.53 1188.53 7.506E+06 <0.0001
c-C 1 68.50 68.50 14621.88 <0.0001 506.57 506.57 3.199E+06 <0.0001
AB 1 1.54 1.54 328.20 <0.0001 120.34 120.34 7.600E+05 <0.0001
AC 1 4.95 4.95 1056.70 <0.0001 22.42 22.42 1.416E+05 <0.0001
BC 1 0.1444 0.1444 30.82 0,0026 10.02 10.02 63266.68 <0.0001
A? 1 33.81 33.81 7217.68 <0.0001 695.71 695.71 4.394E+06 <0.0001
B? 1 14.09 14.09 3008.34 <0.0001 225.31 225.31 1.423E+06 <0.0001
c2 1 2.90 2.90 619.01 <0.0001 148.61 148.61 9.386E+05 <0.0001
Residual 5 0.0234 0.0047 0.0008 0.0002
Lack of Fit 3 0.0234 0.0078 0.0005 0.0002 1.31 0.4600
Pure Error 2 0.0000 0.0000 0.0003 0.0001
Cor Total 14 203.14 5063.64
Model summary statistics cv oG

R? Adj-R? Pred-R? R? Adj-R? Pred-R?

0.9999 0.9997 0.9982 0.9999 0.9999 0.9999
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Fig. 8. Response surface graphs of elimination of (a,b,c) CV and (A,B,C) OG.
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E,45.=-62.628 kcal/mol E, 4 =-45.104 kcal/mol

Fig. 9. The lowest energy adsorption poses for the dye as obtained via DFTB + calculations: (a) CV, (b) OG.

adsorption energy (E,gs) calculation of this approach is based on the interaction of the adsorbate with the adsorbent. This is often
achieved quantitatively by determining adsorption using the following equation (4) [48,65-68]:

Eadsorption = EAdsorbenr/Ad:arbare_(Eadsorbent + Ead:urbare) (4)

where Epgsorbent/adsorbate 1S the total energy of the simulated adsorption system, Eqdsorbate and Eqdsorben: are the total energies of the
adsorbate molecules (CV or OG) and the adsorbent.

This method of assessing molecular complexity depends on generating an enormous variety of combinations of the species
(molecules, ions) used in the simulation. These combinations are randomly generated [38,41,44,51,52,56,69]. The adsorption ge-
ometries of the adsorbate molecules are shown in Fig. 10.

The results of the experiment are confirmed by the fact that a significantly higher negative value of E,45s was observed when the
adsorbate molecules were loaded onto the adsorbent surface (Fig. 11) [40,43,45,47].

In general, MD simulations are used to analyze and understand how molecules behave and interact with material surfaces [43,46,
67,68]. These simulations provide a computational framework for investigating adsorption dynamics. Fig. 12 shows the final
configuration of the adsorbate molecules on the surface of the adsorbent after MD simulation [38,48,51]. To investigate the behavior
of atoms and molecules over time, MD simulations use a number of computational processes. The first step is to establish the system by
placing adsorbate molecules on the surface of the material (in this case the geometry obtained via MC).

To ensure that the system components possess the least amount of energy feasible, one technique involves monitoring and con-
trolling temperature fluctuations during MD simulation [42,48,68]. This method attempts to minimize any temperature fluctuations
that may occur.

Fig. 12 shows that the temperature fluctuations observed during MD simulation are negligible, supporting the effectiveness of this
method. This indicates that the MD simulation of our system succeeded in maintaining a stable and well-regulated energy state. In
addition, the Radial Distribution Function (RDF) analysis technique is used to study the MD trajectory obtained from adsorption
experiments (as shown in Fig. 13). RDF analysis provides a simple method for interpreting the underlying physisorption or chemi-
sorption processes that occur during adsorption on the surface of the material [44-46,64,68]. By examining the RDF, researchers can
gain insights into the spatial distribution and arrangement of adsorbate molecules relative to the adsorbent surface, thereby improving
their understanding of the adsorption phenomenon. This analysis helps distinguish between physical interactions (physisorption) and
chemical bonds (chemisorption) that occur during the adsorption process.

The presence of peaks in the RDF diagram at certain distances from the material surface indicates the nature of the adsorption
process [38,43,44,46,51]. If the peak is observed between 1 and 3.5 [o\, it suggests the involvement of a chemisorption process [65,70].
However, if the RDF peaks are at distances of more than 3.5 f\, this indicates the occurrence of a physisorption process [38,45,51,64,
67,71]. In this scenario, when the RDF peak is between 1 and 3.5 A, it indicates the likelihood of a chemisorption process. Conversely,
if the RDF peaks are observed at distances greater than 3.5 A, this indicates the presence of a physisorption process. Notably, RDF
analysis indicates that nitrogen (N) is not involved in the adsorption process, while oxygen (O) peaks near the boundary between
chemisorption and physisorption. Examining the example of the dye molecules, it becomes clear that they interact strongly with the
adsorbent surface [42,43,51]. This is supported by their significantly negative adsorption energy value and the presence of distinct
RDF peaks, confirming their substantial interaction and binding with the adsorbent surface [38,51].

3.5. Desorption and reuse study
The reusability of bioadsorbent represents one of the most important economic criteria. For this reason, the reusability of the TPCE
biomaterial was investigated during the CV and OG adsorption phenomenon and reapplied under optimal conditions. During this

work, the TPCE used was rinsed for a defined time with 20 mL of nitric acid solution (0.1 N) for CV and sodium hydroxide solution (0.5
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Fig. 11. Distribution of the adsorption energies as obtained from MC calculation.
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Fig. 12. Temperature fluctuations during MD simulation of the dye adsorption process.
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Fig. 13. RDF of heteroatoms (O and N) for the CV and OG dyes onto the adsorbent surface obtained via MD.

N) for OG. As a final step, the adsorption capacity for each run was determined spectrophotometrically. The data in Fig. 14 shows that
the adsorption performance decreases slightly after five cycles. Overall, the percent removal of CV and OG dye were found to be 97.93
% and 92.68 %, and then decreased to 86.42 % and 78.84 %, respectively after five uses. This decrease is probably attributable to the
degradation of adsorption during adsorption-desorption cycles [72].

4. Conclusion

The performance of TPCE biomaterial in the simultaneous elimination of crystal violet (CV) and orange G (OG) dyes from aqueous
solutions was investigated. The prepared biosorbent was analyzed by SEM-EDX, FT-IR, pH,, and (Ss). The main factors affecting the
dye elimination process were identified using the Taguchi approach. These useful parameters, namely solution pH, bioadsorbent ratio,
contact time, temperature, and dye concentrations were optimized using TED and RSM methods. The optimal parameters determined
using TED modeling were as follows 3 g/L, pH 10, 20 mg/L, 35 °C, 5 min and 15 g/L, pH 4, 20 mg/L, 35 °C, 60 min for CV and OG dyes,
respectively. Maximum dye elimination (over 92 %) was observed for each dye. Linear models for both dye identifications were
statistically fit with R? > 0.98 values and the data indicated that both models have good precision. The data from the adsorption-
desorption tests indicated that the bioadsorbent can be reused for up to five cycles without a noticeable decrease in the percentage
dye elimination. The Density Functional Tight Binding (DFTB) method shows that dyes strongly bind the adsorbent surface. Monte
Carlo and Molecular Dynamics simulations show significant interactions between dye and adsorbent surface. These simulations
provide information about the molecular dynamics of the dye during adsorption. These computational conclusions are consistent with
experimental data and confirm the accuracy and reliability of the simulation. These discoveries can improve experimental design by
developing better methods to remove dyes from the environment using the prepared adsorbent material. In addition, they can provide
a theoretical basis for adsorption, explaining the mechanisms and interactions of dye adsorption. These results are useful for
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Fig. 14. Impact of the number of regeneration cycles on dye adsorption on TPCE biomaterial.
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developing new materials and methods for environmental remediation or dye removal.
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