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Abstract: Here, the chemical modification of Ziziphus jujuba stones (ZJS) treated with or-
tho-phosphoric acid (ZJS-HsPOs) is investigated to enhance its adsorption properties for organic
dyes. The physicochemical properties of ZJS-HsPOu reveal increased porosity (87.29%), slightly
higher bulk density (0.034 g mL™"), and enhanced acidity (31.42 m eq g g™') compared to untreated
Z]S. XRF analysis confirms the successful incorporation of orthophosphoric acid during treatment
due to a significant increase in phosphorus content. The maximum adsorption capacity of meth-
ylene blue on Z]JS-HsPOs is found to be 179.83 mg g™!, demonstrating its efficacy as a potential
adsorbent for organic dyes. These findings suggest that modifying ZJS with orthophosphoric acid
could be a promising strategy to enhance its adsorption performance in various environmental
applications. Furthermore, Gaussian process regression (GPR) is employed to model MB adsorp-
tion by ZJS-HsPOa. Optimization of the GPR model involves evaluating different kernel functions
and meticulously adjusting parameters to maximize its ability to capture complex relationships in
the data. The obtained GPR model demonstrates remarkable performance with high correlation
coefficients (R) and low root mean square errors (RMSEs) across all study phases. Model validation
is performed through residual analysis, confirming its effectiveness and accuracy in predicting MB
adsorption. Finally, a user-friendly interface is developed to facilitate the usage of the GPR model
in future applications, representing a significant advancement in environmental process modeling
and ecosystem management.

Keywords: biosorption; Ziziphus jujuba; methylene blue; HsPOy; statistical physics modeling

1. Introduction

Over the past decade, biosorbents have found widespread application in various
sectors. They are utilized for the removal of dyes from textile effluents [1,2], treating
wastewater from the pharmaceutical industry [3,4], and eliminating toxic metal ions [5,6].
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These materials are favored for their low cost, natural availability, porous structure, vast
active sites, and abundance of different hetero-elements, including O, N, S, and Fe [7].
Statistics indicate that global dye production amounts to approximately 100,000 types of
dyes, with an annual output ranging from 7 x 10> to 1 x 10° tons [8]. Alarmingly, 2% of
this yearly production is directly discharged into aqueous effluents [5]. These synthetic
dyes, notorious for their toxicity and poor biodegradability, not only contaminate water
but also impart coloration, posing a significant environmental challenge that needs res-
olution. Consequently, various techniques, such as coagulation and flocculation [9-12],
chemical oxidation [13-15], filtration [16-18], photodegradation [19-23], electrochemistry
[24-27], and adsorption [28-30], have been employed for wastewater treatment to ensure
its purification before discharging into natural ecosystems or reuse. Each method pre-
sents distinct advantages and drawbacks in terms of efficiency, cost, and environmental
impact. However, due to its effectiveness, low cost, simple design, and ease of imple-
mentation, biosorption stands out as the most efficient technique meeting the rejection
criteria [31].

In recent years, many researchers have focused on exploring new adsorbents de-
rived from natural materials as alternatives to those commonly used in water treatment.
These materials are more cost-effective, readily available, and the subject of extensive
research. Consequently, numerous studies have investigated the removal of various
pollutants using different precursors. Examples include the biosorption of Congo red on
Jujuba seeds [32], the removal of cationic dyes onto raw peach shell [33], and the removal
of rhodamine B (RhB), methylene blue, brilliant green, crystal violet and orange G from
aqueous solutions using activated carbon derived from tea leaves [34]. Additionally, the
biosorption of methylene blue using nut shells has been investigated [35].

This study aims to produce a cost-effective adsorbent from biomass by utilizing local
by-products and considering economic and environmental factors. Ziziphus jujuba stones,
abundant in northern Algeria, were chosen as biosorbent preparation precursors. These
stones underwent chemical treatment with ortho-phosphoric acid. They were subse-
quently characterized using scanning electron microscopy (SEM), Fourier-transform in-
frared spectroscopy (FTIR), X-ray fluorescence (XRF), and thermogravimetric analysis
(TGA). The performances of the prepared material (ZJS-HsPOs) were evaluated through
methylene blue (MB) biosorption, serving as a model for cationic dyes [36]. Furthermore,
the study examined the effects of pH, initial concentration, contact time, temperature, the
presence of salts, and humic acids on biosorption efficiency.

MB was chosen to gauge the adsorption capacity of Z]JS-HsPOs due to its stability
across a wide pH range, making it challenging for degradation, and its notable solubility
in water (40 g/L). It finds widespread use in different industrial sectors, including textiles,
medicine, and biology [37]. However, it is important to note that this type of dye can pose
significant risks. Direct eye contact can result in permanent damage, while inhalation
may lead to respiratory difficulties. Ingestion of MB may cause symptoms such as nau-
sea, vomiting, and methemoglobinemia [38]. Furthermore, MB serves as a benchmark
dye for evaluating and comparing the performance of adsorbents.

As is well known, many researchers have traditionally employed classical models
such as Freundlich, Langmuir, Redlich-Peterson, and Temkin to model the adsorption
isotherm of different systems. Unfortunately, these models offer limited interpretations
and fail to provide a deeper understanding of the adsorption process [39]. In light of this
limitation, experimental findings were subsequently correlated with various statistical
physics models based on the grand canonical ensemble to enrich the understanding of
the biosorption process and glean innovative physicochemical insights at the molecular
level [40,41]. These models encompassed the monolayer model, the double layer with one
energy, the double layer with two energies, and limited multilayer models. It was antic-
ipated that these models would offer deeper insights into the fundamental mechanisms
of biosorption.
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The novelty of this study lies in the innovative approach of exploring the modifica-
tion of Ziziphus jujuba stones using ortho-phosphoric acid to enhance their capacity for
adsorbing organic dyes. This research offers a comprehensive methodology for evaluat-
ing the physicochemical properties of the modified material, ZJS-HsPOs, highlighting
increased porosity, optimized bulk density, and enhanced acidity compared to untreated
samples. Additionally, detailed elemental composition analysis confirms the successful
incorporation of ortho-phosphoric acid during treatment. The highlight of this study is
the precise determination of the maximum amount of MB adsorbed on ZJS-HsPOs, thus
demonstrating its remarkable effectiveness as a potential adsorbent for organic dyes. By
employing Gaussian process regression (GPR) to model methylene blue adsorption, this
research brings about a significant methodological advancement, enabling accurate and
reliable modeling of the modified adsorbent’s performance. Finally, a user-friendly in-
terface for predicting MB absorption by ZJS-HsPOs is developed, opening up new ave-
nues for environmental research and water resource management.

2. Materials and Methods
2.1. Materials

The Ziziphus jujuba stones (Z]S) used in this study were collected from forests in the
town of Setif, located in northeastern Algeria. All chemicals, including MB dye
(C1eH1sNsSCl), sodium hydroxide (NaOH) with a purity of 98.8% (w/w), hydrochloric
acid (HCl) with a concentration of 35% (w/w), sodium chloride (NaCl) with a purity of
95% (w/w), humic acid (HA) with a purity of 99.9% (w/w), and ortho-phosphoric acid
(HsPOs) with a concentration of 85%, were purchased from Sigma Aldrich.

MB is a basic cationic dye with a chemical formula of CisHisN3sSCl and a molar mass
of 319.85 g mol-. Its solubility is about 40 g L1 at 20 °C and it has a pKa of 3.8. The
structure of MB shown in Figure S1 was obtained using the Avogadro software V1.1.

The MB solutions were prepared from a stock solution of 1000 mg L', from which
dilute solutions at the desired concentrations were prepared. The pH adjustment was
performed either by adding HCl or NaOH.

2.2. Adsorbent Preparation

In a novel approach to valorize local by-products, the Ziziphus jujuba stones (ZJS)
were used to prepare the adsorbent material. The stones were crushed and sieved to ob-
tain a powder, which was washed several times with tap water and then with distilled
water to remove impurities, and finally dried at 50 °C for 24 h before undergoing treat-
ment.

Acids, such as ortho-phosphoric acid, hydrochloric acid, and formic acid, are bene-
ficial agents for preparing and modifying biosorbents [42—44]. The protocol used in this
work is straightforward: mixing 1 g of the ZJS powder with 1 g of the solution of HsPOs (1
M) and keeping them stirred with a magnetic stirrer for 24 h at room temperature. The
mixture was dried in an oven at 50 °C for 48 h. The product obtained was crushed for the
second time, sieved, and then washed with distilled water until a near-neutral pH was
achieved. The product was dried at 50 °C and then crushed and sieved for the last time.
The obtained particles in the 0.2 to 0.4 mm range were stored in a desiccator and then
used in the biosorption tests under the abbreviation Z]JS-HsPOs. This approach of prepa-
ration was inspired by the process of preparation of activated carbons, and the drying
was carried out three times to induce the creation of pores.

2.3. Biosorption Study

All biosorption experiments were carried out in a batch system at a well-controlled
temperature of 25 + 2 °C, with a constant stirring speed of 250 rpm. By measuring the
optical density, the initial and final concentrations were calculated using a spectropho-
tometer (Shimadzu Spectrophotometer UV VIS 1700, Kyoto, Japan).
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The evolution of the adsorbed quantity of MB onto ZJS-HsPOs as a function of time
was studied at different initial concentrations of MB (50 to 150 mg L"), and the adsorbed
amounts of MB on ZJS-HsPOs were calculated according to the following relationship
[45]:

/4
Q. =(Co—Cp = m (1)

where Q: is the quantity adsorbed at time t (mg g™), Co is the initial concentration of the
MB solution (mg L), Ct is the residual concentration at the instant t (mg L), V is the
volume of the aqueous solution (L) and m is the mass of ZJS-HsPOux (g).

2.4. Characterization

The total acidity or basicity of ZJS-HsPOs and ZJS materials was determined using
the Boehm titration method [46]. Acidic groups were neutralized by adding 50 mL of
NaOH (0.5 M) to 500 mg of each material. After 24 h of stirring, the solution was filtered,
and the remaining NaOH was titrated with a 0.5 M HCI solution. Similarly, basic groups
were neutralized with a 0.5 M HCl solution, and the excess acid was titrated using a 0.5 M
NaOH solution. To ensure precision, each experiment was repeated three times.

The porosity of the materials was evaluated using a straightforward protocol. Ini-
tially, a dry volume of 1 mL of powder was placed into a test tube, followed by adding
methanol to a total volume of 4 mL. Subsequently, the sample was gently shaken until the
air bubbles disappeared, ensuring all pores were filled with methanol. At this point, the
volume of methanol remaining in the test tube corresponded to the volume of the
non-porous parts of the powder. In contrast, the amount of methanol absorbed repre-
sented the total porosity of the powder.

Infrared analyses were conducted using an Agilent Technologies Fourier-transform
infrared spectrometer (FTIR), specifically the Cary 600 series FTIR spectrometer, con-
trolled by a microcomputer. The study covered a wavelength range of 4004000 cm™.
FTIR spectroscopy was utilized to aid in the identification and characterization of func-
tional groups present on the adsorbent surface, providing crucial insights into the mo-
lecular interactions between methylene blue and the adsorbent.

The XRD patterns were obtained by a powder X-ray diffractometer, PW3071/xx
Bracket, using a copper anticathode with a Ka radiation and A = 1.5405 A. This apparatus
operates under a voltage of 45 kV and an intensity of 35 mA. The recordings were made
throughout values of angle 20 varying from 4 to 90 degrees, in steps of 0.02 degrees, with
a counting time of 6.985 s per step. X-ray diffraction was employed to examine the effect
of acid treatment on the crystalline structure of the adsorbent.

The micromorphology of Z]S-HsPOs was examined by scanning electron microscopy
images obtained from Hitachi S-3000N. Thermogravimetric analysis (TGA) of ZJS and
ZJ5-HsPOs was conducted using SDT Q600 V20.9 Build 20 thermal gravimetric equip-
ment. The analysis covered a temperature range from 30 to 890 °C. TGA was employed to
meticulously examine mass evolution for ZJS and ZJS-HsPOs under varying tempera-
tures. Moreover, the elemental analysis X-ray fluorescence (XRF) was realized by a ZSX
Primus IV-Rigaku device.

The significance of the adsorbent’s surface charge cannot be overstated in adsorption
studies. This phenomenon is particularly evident due to the pH’s dual impact on the
material’s surface charges and on the distribution of anions and cations. In this study, the
influence of pH on the biosorption of MB onto ZJS-HsPOs was investigated under the
following conditions: 50 mL of a 100 mg L' MB solution was utilized, with initial pH
values ranging from 2 to 12, adjusted by adding either 0.1 M HCl or 0.1 M NaOH. The
experiments were conducted at 25 °C for 24 h with an agitation speed of 250 rpm, using
50 mg of Z]JS-HsPO.a.

2.5. Biosorption Isotherms
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At the solid—fluid interface, molecules originating from the fluid phase may either
bounce or settle on the solid surface during a specific time, resulting in excess on the solid
surface. This corresponds to the biosorption phenomenon [47-49]. In this context, the
biosorption isotherm is the curve linking the dye activity contained in a batch system to
the amount of dye adsorbed on ZJS-HsPOs at equilibrium.

To conduct isotherm tests, 50 mL of various concentrations of MB ranging from 50 to
500 mg L were mixed with 50 mg of ZJS-HsPOu. Subsequently, these mixtures were ag-
itated for 24 h under the specified conditions (i.e., in a batch system, maintained at a
well-controlled temperature of 25 + 2 °C, at the optimal pH, and with a constant stirring
speed of 250 rpm) until reaching equilibrium. Following this, the mixtures underwent
centrifugation, and the resulting supernatants were analyzed using visible UV spectros-
copy at a wavelength of A = 664 nm. The quantities of adsorbed dye were then deter-
mined using Equation (1).

2.6. Modeling the Equilibrium

To comprehend the reaction mechanism and appropriately describe the biosorption
process, correlations between the adsorbed quantity and the initial concentration of MB
were examined using both the Langmuir and Freundlich models (2-parameter models),
as well as the Sips and Redlich—Peterson models (three-parameter models).

As is well known, in a biosorption phenomenon, if the surface of the solid can be
considered homogeneous, the Langmuir model can be applied. This model is based on
the assumption of the similarity of the active sites with independent energies, where
biosorption occurs in a monolayer without lateral interactions or steric hindrance be-
tween the adsorbed molecules [50]. The Langmuir equation is as follows [51,52]:

Qc/Qm =K, C./(1+K,C.) )

where Qe and Ce are the adsorbed quantity and the equilibrium concentration, respec-
tively, in (mg g) and (mg L), Om is the constant that expresses the recovery of the
complete monolayer (mg g), and Kt is the constant of equilibrium biosorption (L mg™),
which is related to the apparent energy of biosorption.

To determine whether the Langmuir modeling is favorable or not, a dimensionless
separation factor with the abbreviation Re is calculated using Equation (3) proposed by
Weber and Chakravorti [53]:

R, =1/(1+K,Cy) 3)

In Equation (3), Kt is the Langmuir equilibrium constant (L mg™) and Co is the initial
concentration (mg L1).

Among the most widely used models, the oldest is the Freundlich model, which
describes a non-ideal and reversible biosorption process. This empirical model is based
on forming a multilayer adsorbate with a non-uniform distribution, reflecting the heter-
ogeneity of the solid surface and, hence, the affinity between the adsorbent and adsorbate
[50,54]. Freundlich’s empirical Equation is defined as follows [50,51]:

Q. = KC\'™ )

where Qe and Ce are the adsorbed quantity and the equilibrium concentration, respec-
tively, in (mg g) and (mg L), Kk is the equilibrium constant or also the Freundlich pa-
rameter (mg L g), and the exponent 1/n is defined as the biosorption capacity, which
indicates the heterogeneity of the surface.

In addition to two-parameter models, three-parameter models were also employed,
such as the Redlich-Peterson model [55], representing a compromise between the pre-
viously mentioned models. It is described by Equation (5):

Q. = KgpC./(1 + aC”) (5)
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where Kre (L g') and a (L mg g') are model constants, and {3 is the exponent, reflecting
the surface’s heterogeneity.

The adsorbate concentration plays a crucial role in the Redlich-Peterson model.
When the concentration is high, the model tends to resemble the Freundlich model, while
at low concentrations, it approaches the Langmuir model [50,56].

Our experimental results were also tested by another three-parameter model pro-
posed by Sips [45,50]:

Qc/Qm = (KsCo)™ /(1 + (KsC)™) (6)

where Qm, Ks, and ms are the system’s biosorption capacity (mg g™), the biosorption af-
finity constant (L mg), and the system heterogeneity index, respectively.

2.7. Modeling the Biosorption Kinetics

In the study of biosorption kinetics for MB onto Z]JS-HsPOs, various nonlinear mod-
els, including the pseudo-first-order, pseudo-second-order, pseudo-nth-order, and the
intra-particle diffusion models, were employed to elucidate the mechanism processes
and provide additional information.

The pseudo-first-order equation proposed by Lagergren and Sven in 1898 [57] is
given in the following form:

dQ./dt = K1(Q. — Q) @)

where Qe is the amount adsorbed at equilibrium (mg g), Qt is the quantity adsorbed at
time t (mg g'), and K is the rate constant (min)
The model in Equation (7) can be extended to the nth order according to Equation

(8):
dQ./dt = K(Q. — Q)" 8)

The integration of Equation (8) under the conditions (Q=0to Q=Qtand t=0to t=t)
at the boundaries leads to pseudo-first-order and pseudo-second-order models according
to the relations (9) and (10), respectively:

If n = 1, then the integration leads to the pseudo-first-order model according to

Equation (9):
Q: = Q.(1—e"1) ©)
And if n = 2, the integration leads to the pseudo-second-order model in the follow-
ing form:
Q. = K,Q:t/(1+K,Q. 1) (10)

where t is the contact time (min), Qt and Q. are the quantities adsorbed at time t and
equilibrium, respectively (mg g), and Kz is the pseudo-second-order biosorption rate
constant (g mg™! min™).

To model the experimental data, Ozer [58] used the nth-order model for the deter-
mination of the rate constant and the order of the reaction of the kinetics data without
setting a priori the value of n by integrating Equation (8), leading to the following for-
mula:

Q. = Q. - [(n— DKt + Q™™ (11)

In this case, Kn is a rate constant and n is the sorption reaction order about the actual
concentration.

The intraparticle diffusion model, proposed by Weber and Morris [59] and com-
monly used in the literature, was also applied. In this model, the adsorbed quantity varies
almost proportionally with 5 according to Equation (12) [32,59]:
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Q,=K;j;t*5 +¢C (12)

where Q: is the quantity adsorbed at time t, C is the intersection that expresses the
thicknesses of the boundary layers, and ki (mg g' min®5) is the rate constant of
intraparticle scattering.

2.8. Statistical Models

In this section, four statistical models based on the grand canonical ensemble in sta-
tistical physics were employed. Various research teams have utilized and refined these
models, all striving to attribute a physical significance to the constants inherent in each
model. These constants include the number of MB molecules adsorbed per site (n), the
density of the receptor sites (Nm), the half-saturation concentration (Ci2), and the molar
biosorption energy (AEa.). The ultimate objective is to advance comprehension of the
biosorption mechanism by attaining novel physico-chemical interpretations of the
biosorption process at the molecular level [31,32,49,50]. In this context, the monolayer,
double layer with one energy, double layer with two energies, and the limited multilayer
models were considered.

The monolayer model, widely employed in the literature, incorporates the potential
occurrence of lateral interactions among adsorbed molecules [60, 61] and is given by

Equation (13)
Q=7—(my
N (13)
[-(4)")

In Equation (13), Qo is the number of adsorbed molecules per site (n) multiplied by
the density of the receptor site (nm), and Ciz2 is the concentration at half saturation.

The second statistical model applied in this paper is the double layer with one en-
ergy [62]. In this model, it is assumed that biosorption takes place across two layers with
identical energy, where the amount adsorbed varies with concentration according to the

following equation:
c >nm < C )an
| +2{F7/—
(Cl/z Ci/2

C nm C 2nm
1+(as) +(es)
Ci2 Ci2

where Ci2 is the concentration at half saturation.

Our experimental results were also subjected to analysis using another model
known as the double layer with two energies. This model operates under the assumption
that the energy of the first and second adsorbed layers are not identical and, specifically,
the energy of the second layer is lower than that of the first layer [61]. The empirical
equation of this model is given as follows [62]:

Q=Q (14)

nm 2nm

C C
(z) +2(z)
0
c\"" c
1+(z) +(@)
where Ci is the concentration at half saturation for the first layer and C: is the concentra-
tion at half saturation for the second layer.

Another model employed in this paper is the limited multilayer model. This model
operates under the assumption that biosorption takes place in multiple layers, with the
biosorption energy of molecules in the first layer being higher than that of the second
layer, and so forth [61]. The amount of adsorbed dye in this model varies according to the
following equation [61,63]:

= (15)

2nm
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0= L (16)

2.9. Gaussian Process Regression

Gaussian process regression (GPR) is a powerful non-parametric approach for
modeling intricate relationships among variables [64,65]. Unlike parametric models that
impose specific data structures, GPR makes no assumptions about the underlying dis-
tribution [31]. Instead, it treats data as samples from a Gaussian process, where each
point is regarded as a random variable [64,65]. The relationship between these points is
characterized by a covariance matrix encoding similarities among observations [31]. By
fitting this covariance matrix to training data, GPR can estimate a continuous function
that best captures the relationship between variables. The operation of GPR revolves
around modeling the distribution of possible functions that could generate the observed
data [31]. This result is achieved using Gaussian processes, where a mean and covariance
define each function. By adjusting these parameters to fit the training data, the model can
generalize and provide reliable predictions for new observations [31]. A significant ad-
vantage of GPR is its ability to provide probabilistic predictions [31]. Unlike many other
regression models, GPR gives an estimate of the expected value for a target variable and a
measure of the uncertainty associated with this prediction. This capability is crucial in
many fields where decision-making relies on accurate assessment of risk and uncertainty
[31].

Moreover, GPR is exceptionally flexible and can be effectively used for datasets of
moderate to large sizes. It offers smooth data interpolation without requiring explicit
specification of the underlying function, making it suitable for various applications in
sciences, engineering, and economics. In summary, GPR is a valuable tool for modeling
complex relationships, providing accurate predictions and rigorous uncertainty estima-
tion [64,65].

In this study, GPR was harnessed to construct a robust mathematical model aimed at
predicting the adsorption capacity of MB by ZJS-HsPOs. Leveraging a comprehensive
dataset, previously identified parameters, including the contact time (X1), the mass of the
adsorbent (X2), initial dye concentration (X3), pH (X4), and temperature (X5), were op-
timized, with the adsorbed quantity serving as the fixed output variable. To ensure
model robustness, the dataset was meticulously partitioned into three subsets: 70% for
training, 15% for testing, and 15% for validation.

To identify the most suitable model, ten kernel functions; comprising exponential,
squared exponential, Matern32, Matern52, rational quadraticc ARD exponential, ARD
squared exponential, ARD Matern32, ARD Matern52, and ARD rational quadratic ker-
nels, were thoroughly explored. Moreover, extensive efforts were invested in fine-tuning
the parameters of each kernel function, including the kernel scale represented by
[sigmaM, sigmaF], and sigma itself.

The performance of each model was rigorously assessed using the following two
key performance metrics: the correlation coefficient (R) and root mean square error
(RMSE), which were computed by applying the following equations [66,67]:
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N N 17)
J_z e = Too) S (Yo = T

(1Y
MSE = | [ Z [0 =y )] | (18)
i=1
In the above equations, N is the number of data samples, y,,, and yp..q are the

experimental and the predicted values, respectively, and ,,, and ymd are the average

values of the experimental and the predicted values, respectively [68].

3. Results and Discussions
3.1. Material Characterization

Regarding the physicochemical characteristics of ZJS-HsPOs, some parameters, such
as the zero-charge point (pHrzc), humidity, porosity, ash content, acidity, basicity, and
bulk density, were determined. In this context, the XRF analysis was used to quantify the
elemental composition of ZJS before and after treatment, and all the results obtained are
summarized in Table 1.

Table 1. Some physical and chemical characteristics of Z]JS and Z]JS-HsPOx.

. Appar.ent Moisture Ash Acidity Basicity pH in Water
Porosity (%) Density Content (%) Content (m e 1) (me ) pHrcz Solution
(g mL-) o (%) 988 988
ZJS 80.21+2 0.031+0.005 0.15+0.003 33.12+2 031+0.01 032+0.01 7.4=+0.1 6.5+0.1

ZJS-HsPOs  87.29+2 0.034+0.005 0.12+0.003 31.42+2 0.35+0.01 030+0.01 6.8+0.1 6.1 0.1

Elemental Composition by XRF

Element C (%) O (%) Mg (%) Al (%) Si (%) P (%) Others
VAR) 48.700 50.400 0.131 0.048 0.044 0.030 0.647
Z]S-HsPO4 47.500 51.700 0.022 0.106 0.150 0.110 0.412

The pHrzc is a dominant parameter for understanding the biosorption mechanism of
MB onto Z]JS-HsPOu. It corresponds to the point where the Z]JS-HsPOs has a zero-charge
potential on its surface. It also gives an idea about the charge of the material surface
based on the presence or the absence of H* protons and OH- ions.

Figure S2 shows the plot ApH as a function of the initial pHi, showing pHrzc values
of approximately 6.8 for ZJS-HsPOs, which implies the following:

e  The material surface functional groups are protonated by excess H* protons when
the pH is below pHezc.

e The Z]JS-HsPOus surface functional groups are deprotonated by excess OH- ions in the
solution when the pH exceeds pHrzc.

Table 1 shows that Z]JS-HsPOs had an acidic character compared to ZJS, owing to the
presence of more acidic sites than alkaline sites. Table 1 also indicates that the porosity
and apparent density after treatment were improved from 80.21 to 87.29% and 0.031 to
0.034 g mL-, respectively. These improvements may be attributed to the integration of
orthophosphoric acid into the material structure, where washing the final product to ex-
tract the incorporated acid led to creating extreme porosity.
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The elemental composition analysis XRF indicates that carbon and oxygen were the
main elements in ZJS-HsPOs. XRF also shows an increase in phosphorus due to the in-
fluence of ortho-phosphoric acid during treatment.

Fourier-transform infrared spectroscopy is a beneficial technique to determine the
functional groups that are present on the surface of a material, allowing an improved
understanding of the mechanism of MB biosorption onto ZJS-HsPOs, as well as the in-
teractions between MB and Z]JS-HsPOs. The FTIR spectra of ZJS, ZJS-HsPOs, and
ZJS-HsPOs after the biosorption of methylene blue (ZJS-HsPOs + MB) are illustrated in
Figure 1, showing very similar spectra for the three samples. The valence vibrations of the
hydroxyl groups (carboxyl, phenol, or alcohol) and the adsorbed water are represented
by the broadband located at 3421 cm™ [69]. The two small absorption bands at 2850 and
2932 cm™ mainly result from the aliphatic C-H elongation vibrations. Olefinic vibrations
(C=C) cause the band to appear at about 1644 cm™". The absorption band represents the
carboxylic groups (C=0) at 1735 cm™. The band at 1381 cm can be attributed to the N-O
elongation vibration [32]. The small absorption bands at 1517 and 1444 cm™! are due to the
elongation vibrations of the C=C bonds in aromatic rings, and the small bands between
600 and 900 cm™ can be attributed to the mode of deformation outside the C-H plane in
the aromatic rings [70]. Figure 1 shows the existence of several bands between 900 and
1200 ecm™, which may be due to the presence of phosphorus and phosphocarbon com-
pounds in the samples [71,72]. The three bands appear at 1163, 1118 and 1045 cm™ and
are generally attributed to P-O-P elongation vibrations of polyphosphates or P+-O- ion-
ized bonds in ortho-phosphoric acid esters [72,73]. Figure 1 also shows certain variations
in the intensity of some peaks and shifting of other peaks, indicating that the treatment

ortho-phosphoriciaci ified the surface chemistry of ZJS, maybe by the formation
idi g oxidation [74], and this promotes the
he blue.

—— ZJS-H,PO,
—— 2738
—— ZJS-H,PO,+MB

T T T T T T
3500 3000 2500 2000 1500 1000 500
wave number (cm™)

Figure 1. FTIR spectra of samples: ZJS, Z]S-HsPO4 and ZJS-HsPOu in the range of 4000-500 cm™.

The XRD results of the ZJS before and after treatment are shown in Figure 2. The
diffractograms show an amorphous structure for both samples, confirming that the or-
tho-phosphoric acid treatment did not affect the crystalline structure. Figure 2 also shows
a broad and intense peak around 20 = 22°, attributed to cellulose [33]. The amorphous
structure was confirmed by the presence of lignin and hemicellulose represented by a
small peak at 20 = 15° [3].

The micromorphology of Z]JS-HsPOs was examined and the obtained results are
displayed in Figure S3. This figure shows that Z]JS-HsPOs has a non-uniform structure
with a heterogeneity in the pore size [32], which is in favor of its use as an adsorbent.

Thermogravimetric analysis for ZJS and ZJS-HsPOs was performed at a temperature
range from 30 to 890 °C and the results obtained are given in Figure 3. It is evident from
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this figure that the two samples show similar results characterized by four stages. The
first stage (from 30 to 100 °C) is defined by a 9% mass loss, which may be attributed to the
elimination of the product’s humidity. The second phase is characterized by an equilib-
—— ZJS-H3POy rium stage between 100 and 230

—— 2738 °C, with no weight loss. Then, the
| third stage, starting from 230 to
‘ 370 °C, shows a significant
S weight loss of about 77%, possi-

Cellulose bly due to gaseous compounds

(CO2, CHy4, CO, H2) or the deg-
radation of the hemicelluloses
[75]. Finally, in the last stage (370
°C up to the end of analysis), the
mass loss reaches 83% for ZJS
and 89% for ZJS-HsPOs and these
losses can be attributed to the

0 20 40 60 80 100 degradation of cellulose, which
is  the 2 theta main compound of the products, as
indicat- ed by the XRD analysis.

Figure 2. XRD data of treated and raw Ziziphus jujuba stones.
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Figure 3. Thermogravimetric analysis of ZJS and Z]JS-HsPOs.

3.2. Effect of the pH

The influence of pH on MB biosorption onto ZJS-HsPOs was examined. Figure 4 il-
lustrates the results obtained, and it shows a noticeable increase in the adsorbed amount
in the range of 2 to 8. In contrast, no significant variation in the adsorbed amount of MB is
observed in the range of 8 to 12. This variation can be explained by the pHrzc of
ZJS-HsPOxs at about 6.8 (see Figure S2). Indeed, since MB is a cationic dye, its biosorption
is favored at pH higher than the pHrzc by electrostatic interactions between the dye that
is positively charged and the ZJS-HsPOs that is deprotonated by the surplus of (OH)
ions.

Due to the substantial influence of pH on the MB adsorption process, the highest
efficiency, reaching 100%, was observed at pH of 10. Consequently, pH value of 10 was
chosen as the optimal one.

120

100 } } i

80
® ¢
E ¢
175}
s}
[
ST

20 L4

0

0 2 4 6 8 10 12 14

pH

Figure 4. Effect of pH on methylene blue biosorption onto ZJS-HsPOx (agitation speed = 250 rpm, m
=50 mg, V=50mL, T=25°C).

3.3. The Effect of HsPOy Treatment Processes on the Modification of Ziziphus jujuba Stones for
MB Adsorption Capacity

In an attempt to explore the effects of HsPO, treatment on MB adsorption efficiency,
the maximum adsorbed quantity of MB onto both untreated ZJS and HsPO,-treated ZJS,
as obtained from the 25 °C adsorption isotherms, is illustrated in Figure 5. It is evident
from Figure 5 that the H;PO, treatment significantly and positively enhanced adsorption
performance, with the adsorbed quantity increasing from 62.25 mg/g for untreated ZJS to
160.85 mg/g for HsPO,-treated ZJS.
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ZJs ZJS-H3PO4

Figure 5. H3PO4 treatment effect on the performance of the MB adsorption capacity (T = 25 °C,
stirring speed =250 rpm, pH = 10).

3.4. Effect of the Contact Time and the Initial Concentration

The results obtained regarding the biosorption kinetics are illustrated in Figure 6,
showing several steps in the biosorption kinetics of MB onto ZJS-HsPOs. The process
started with a rapid biosorption step on the external surface of the solid, which may be
due to the difference between the concentration of MB in the solution and on the surface
of the solid [76]. The second step can be characterized by a decrease in the number of
biosorption sites available, which slowed down the rate of biosorption as the MB was
adsorbed. Finally, in the third step, the equilibrium time was achieved when there were
no more free or accessible biosorption sites (after 20 min for the lowest concentration and
60 min for the highest concentration).

The results also show that when the initial concentration increased, the adsorbed
quantity increased, and the amounts adsorbed at equilibrium were 50, 93, and 128 mg g
for 50, 100, and 150 mg L dye concentrations, respectively.

140
120 -
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Figure 6. Effect of the contact time and the initial MB concentration on the biosorption capacity (T =
25 °C, agitation speed = 250 rpm, pH = 10.
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3.5. Isotherms Modeling

The biosorption isotherm is represented by the variation in the adsorbed quantity as
a function of the equilibrium concentration at a given temperature. In this work, the
biosorption isotherms of MB onto Z]JS-HsPOs were carried out at different temperatures
(25, 30, and 40 °C). Figure S4 shows that the obtained isotherms were of type I for the
three considered temperatures, according to the classification of the IUPAC [77]. This
type of isotherm is commonly encountered, and it characterizes both a biosorption mon-
olayer and the existence of micropores.

According to Figure 5S4, the biosorption isotherms at 30 and 40 °C are almost iden-
tical. This phenomenon may be due to several factors, including the solubility of the MB
molecules, which does not change in this temperature range, or the morphology of
ZJS-HsPOs, which can be distorted when the temperature increases to 40 °C and decrease
in the adsorbent performance of the ZJS-HsPO.u.

Moreover, biosorption capacity deduced from biosorption isotherms clearly shows
the potential of Z]JS-HsPOs to be used as an adsorbent for organic dyes. Indeed, its max-
imum biosorption capacity is compared to some other adsorbents tested for MB
biosorption in Table 2, showing that its capacity of 179.8 mg g is very close to the most
efficient one, peach shells at 183.6 mg g

Table 2. Comparison of some values of maximum biosorption amount of MB onto various adsor-

bents.
Biosorbant Q. (mg g) Reference
Ziziphus jujuba stones (Z]S-HsPOu) 179.83 This work
Peach shells 183.6 [33]
Mango seed kernel 142.9 [78]
S. tenassicima fiber 5.35 [79]
Treated Macauba palm cake 33.06 [80]
Treated lignocellulosic 769 [81]

Moreover, experimental data were fitted by the nonlinear models of Langmuir and
Freundlich (three parameters), Sips and Redlich—Peterson (three parameters). The cor-
responding calculated data are displayed in Figure 7 and the related constants are col-
lected in Table 3. As can be observed, the biosorption isotherms for the three tempera-
tures are best fitted by the Langmuir model compared to other models, exhibiting coeffi-
cients of determination ranging from 0.968 to 0.981. Furthermore, the quantities of
adsorbate estimated by the Langmuir model closely match the experimentally deter-
mined amounts, resulting in the lowest average percentage errors (APE%). Thus, irre-
spective of temperature, the Langmuir model is proven to be the most reliable.

Furthermore, the values of Rt factor are between 0 and 1, confirming that the
Langmuir model is favorable for the three temperatures [53].
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Figure 7. Modeling by the Langmuir (a), Freundlich (b), Sips (c¢) and Redlich-Peterson (d) models
of the MB adsorption isotherm onto ZJS-HsPOs at different temperatures (agitation speed = 250

rpm, pH =10).

Table 3. Langmuir, Freundlich, Sips and Redlich-Peterson constants for the biosorption of MB onto

Z]S-HsPOs.
Models Parameters 25 °C 30 °C 40 °C
Qexp (Mg/g) 160.85 173.45 179.83
, Qn (mg/ 160.57 172.71 176.99
Langmuir Kt ((L/Iig)) 0.391 0.467 0.189
R? 0.977 0.968 0.981
APE (%) 0.524 1.214 0.421
Ru 50 mg/L n?g?L 50 mg/L nfg?L 50 mg/L 500 mg/L
0.056 0.006 0.093 0010 0519  0.098
1/n 0.125 0.116 0.123
Freundlich Kr(mg/g) (L/mg) = 82710 90.734 91.973
R? 0.853 0.517 0.542
APE (%) 4265 10.351 11.125
Qn (mg/g) 170.50 177.16 176.37
o Ks (L/mg) 0.369 0.017 0.180
m 0.645 0.223 1.18778
R? 0.976 0.958 0.949
APE (%) 0.854 1.958 3.874
ke (L/g) 87.166 95.14 30.40
: ar (L/mg) 0.680 0.609 0.146
Redhc(l:lzpeters Br 0.956 0.980 1.03
R? 0.972 0.958 0.928
APE (%) 1.231 2.847 3.145
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3.6. Kinetics Modeling

The modeling results are shown in Figure 8 and the obtained model parameters,
namely the rate constants K, the theoretical maximum adsorbed quantities, and the de-
termination coefficients R?, are given in Table 4.

Table 4. Kinetic parameters and coefficients of determination for nonlinear regression of PFO PSO
and PNO models for the biosorption of MB onto ZJS-H3POs.

Model Parameters Co(mg/L)
50 100 150
Qexp, (mg g™) 50.00 93.27 129.14
PFO Qecal, (mg g™) 48.89 90.86 116.10
Ki, (min?) 1.06 0.188 0.289
R? 0.984 0.993 0.903
APE (%) 3.128 2.452 5.763
Qecal, (mg g™) 49.75 95.69 121.01
PSO K2*10*, (gmg™ min™1) 0.055 0.004 0.003
R? 0.996 0.978 0.975
APE (%) 0.961 1.623 3.842
Qecal, (mg g™) 51.19 91.21 135.54
-1 -1} 1-n -6
R kn, (min?) (mg g) 0.0022 0.115 1.64 x 10
n 3.20 1.12 3.74
R2 0.998 0.993 0.991
APE (%) 0.232 0.292 0.312
(a) 140
120 1
100 -
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(c)

Figure 8. Experimental (symbols) and calculated data (continuous lines) using pseudo-first-order
(a), pseudo-second-order (b), and pseudo-nth-order kinetics models (c) for MB adsorption onto
ZJS-HsPOx at various concentrations (T = 25 °C, agitation speed = 250 rpm, pH 10).

As observed, the calculated adsorbed quantities for both the pseudo-first- and
pseudo-second-order models are close to those obtained experimentally. However, coef-
ficients of determination, R?, for the pseudo-first-order model are low, in the range of
0.903 to 0.993, while they are in the range of 0.975 to 0.996 for the pseudo-second-order
model.

It can also be seen that the rate and rate constants decreased as the concentration
increased, which may be due to competition for the active sites. Regarding the pseu-
do-nth-order model, the coefficients of determination R2 are 0.998, 0.993, and 0.998 for 50,
100, and 150 mg L' dye, respectively, with the respective adsorbed quantities being 51.19,
91.21, and 135.54 mg g'. The orders of the reactions are between 1.12 and 3.74.

In conclusion, based on the calculation results, the pseudo-nth-order model
demonstrates the highest coefficients of determination (R?) and the lowest average per-
centage error (APE%) values. Therefore, it can be considered as the most suitable for de-
scribing the biosorption kinetics of MB onto ZJS-HsPOs. This model provides the most
accurate fit to the experimental data.

Given the understanding of the nature of the interactions between MB and
ZJS-HsPOs, the intraparticle diffusion model was also applied, showing two linear parts
in Figure 9. The first can be attributed to the biosorption at the surface or the external
diffusion, and the second represents the intraparticle diffusion [59]. The results show that
the curve q: = f (°5) does not cross the origin, and hence, the intraparticle diffusion occurs
but is not the limiting step [32].
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Figure 9. Experimental (symbols) and calculated data (continuous lines) by means of an
intraparticle diffusion model for MB adsorption onto ZJS-H3sPOx (T = 25 °C, agitation speed = 250
rpm, pH 10).

3.7. Effect of the Temperature

The impact of the temperature on the biosorption of MB onto Z]JS-HsPOs was tested
in the range of 25 to 40 °C. Contrary to the usual case, biosorption was not exothermic,
according to the experimental results shown in Figure S4. Indeed, an increase in the
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temperature from 25 to 40 °C caused an increase in the adsorbed amount of MB, from
160.85 mg g to 174.31 mg g'. This increase can be due to the diffusion of MB in the
micropores, which accelerates with the rise of the temperature [82].

3.8. Effect of the Ionic Strength and the Humic Acid on Biosorption of MB onto Z]S-H3POs
Ionic strength plays a significant role in the biosorption of both organic and

inorganic compounds. In order to simulate realistic conditions, the impact of ionic

strength on the biosorption of MB onto ZJS-HsPOs was investigated using 0.1 mol/L NaCl

sa humic acid solutions. Figure 10 illustrates that adding humic acid has no
discerrjible effect on biosorption, as.the gHantity of adsorbed | MB remain unchanged.
Conyer sely, the adsorbed amougt is nearly doubled upon the addition of NaCl. This
increask is attributed to the Wse in ionic strength, which enhances the biosorption of MB
o S-HaPOs. "
oS ThrO.
(=2
E 150 4 b A o4& o & a a 9§
& ~
100 A 4
-
50 -+ a B ZJS-H3POg+NaCl
- ® Z7JS-H3POy
01 A ZJS-H3POy+HA
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Figure 10. Effect of NaCl and Humic acid on methylene blue biosorption onto ZJS-HsPOu (T = 25
°C, agitation speed =250 rpm, pH 10).

3.9. Statistical Physics Models

An adjustment method based on the Levenberg—-Marquardt iteration algorithm that
uses statistical weighting and nonlinear regression was considered to correlate the ex-
perimental data to the proposed model. Once residues between experimental and theo-
retical values are minimized by the models according to a defined confidence level set at
95%, the best results are achieved [83]. The coefficient of determination, R?, is used as a
fitting quality indicator. The AIC (Akaike Information Criterion) is another mathematical
indicator used to select the best model. From several models applied to fit experimental
data, the AIC can estimate the performance of each model relative to each other. It deals
with the compromise between the model’s goodness of fit and the model’s complexity.
The AIC is calculated by using the following equation [83]:

AIC =x%+2p (19)

where X? is the chi-square and p is the number of parameters of the fitted model.
The ideal fitting is obtained when the R? is high, close to 1, while the AIC reaches its
minimum value. The results of the fitting are presented in Table 5.

Table 5. Values of R? and AIC of fitting of MB on the Z]JS-HsPOa.

T (°C) 25 °C 30 °C 40 °C
Model R? AIC R? AIC R? AIC
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Monolayer 0.99126 6.01 099417 6.00 099721 6.00
Double-layer model with

. 0.99109 801 099353 800 0.99811 8.00
two energies
Double-layer model with 0.99109 601 099353 600 099811 6.00
one energy
Limited multilayer 0.999317 10.02 099447 10.00 0.99879 10.00

Table 5 indicates the highest R? and AIC values in the limited multilayer, while the
monolayer model led to the highest R? and lowest AIC values. In general, a biosorption
process is better described when the number of physical parameters of the model in-
creases [84]. Thus, minimizing information loss requires having a minimum AIC [83].
Therefore, the monolayer model was selected and considered to describe the experi-
mental values of isotherms for the three temperatures.

The values of the fitting parameters of the monolayer model describing the adsorp-
tion of MB onto Z]JS-HsPOs are given in Table 6.

Table 6. Values of fitting parameters of the monolayer model describing adsorption of MB on
ZJS-H3POu.

Qo Ci2 Nm R2
T=25°C 172.17 2.76 0.61 099126
T=30°C 177.50 1.97 0.75 0.99417
T=40°C 172.14 5.69 1.49 0.99721

3.9.1. Steric Interpretation

The basis parameters for the steric interpretation are the number of molecules per
site (n), the density of receptor sites (Nwm), and the adsorbed amount at saturation (Qo).
Figure 11 illustrates the variation in the steric parameters according to temperature.
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Figure 11. Behavior of the steric parameters with temperature: (a) parameter n, (b) parameter Nu,
(c) parameter Qo.
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. Parameter nm

The parameter nm plays a crucial role in elucidating the adsorption mechanism, as it
offers insights into the orientation of molecules toward the adsorbent surface [85]. This
parameter can vary, being either greater or less than 1. When nm exceeds 1, it indicates the
presence of multiple anchored molecules at a single site, signifying multi-molecular ad-
sorption [61,86]. In this context, it provides information on the number of molecules at-
tached to a receptor site as an aggregate [61]. When the number “nn” is less than unity,
the adsorbed molecules take a parallel position to the surface of the adsorbent material
[41]. This situation could be associated with the number of sites occupied by the
adsorbate, referred to as the anchorage number, defined as n’ = 1/nm [40,41,60].

Knani and co-workers [84] demonstrate that the percentage of pollutant molecules
anchored by either 1 or 2 free sites can be calculated. Suppose we denote x as the pro-
portion of molecules with one anchorage. In that case, the percentage of molecules hav-
ing two anchorages is (1 — x). Knani and co-workers [84] also show that nm =x+ 0.5 x (1 -
x). In our study, Table 6 reveals that at 25 °C, nm = 0.61. This finding indicates that ap-
proximately 22% of MB molecules were anchored with a single site, while 78% were ad-
sorbed with two free active sites. At 30 °C, nm = 0.75, meaning that 50% of MB molecules
were anchored with a single anchorage, and 50% were adsorbed with two free active
sites. It should be noted that at both 25 °C and 30 °C, MB molecules were adsorbed in a
parallel position. Conversely, at 40 °C, nm = 1.49, exceeding 1, which implies, as previ-
ously mentioned, that 100% were adsorbed with a single anchorage in a perpendicular
position.

Figure 11a depicts an increase in the number of adsorbed MB molecules per site (nm),
which can be attributed to thermal collision [40].

° Parameter Nm

Figure 11b demonstrates the variation in receptor site density (Nm) with tempera-
ture. It is evident from this figure that the receptor site density of ZJS- HsPOs decreases
with temperature. This trend can be explained by the increased solubility of MB with
rising temperature, resulting in stronger interactions between the liquid phase (water and
dye molecules) than between MB molecules and the surface of ZJS-HsPOs [40]. These in-
terpretations underscore the dominant role of temperature in the biosorption process.

e  Parameter Qo

The saturation biosorption capacity relies on several variables, including parameters
nm and N, which signify the potential of the ZJS-HsPOs surface to adsorb MB molecules.
In Figure 11c, Qo is plotted as a function of temperature. It is observable that increasing
the initial temperature from 25 to 30 °C led to an increase in the adsorbed quantity, fol-
lowed by a decrease at 40 °C. Hence, it can be inferred that T = 30 °C can be regarded as
the optimal temperature for the biosorption process. The energetic study further vali-
dated this proposition.

3.9.2. Energetic Interpretation

The biosorption energy —AE is a critical parameter that represents the depth of good
potentials at the receptor site on the surface of ZJS-HsPO4 [83,86]. This parameter can help
to make an energetic interpretation where it is calculated according to the following re-
lation:

—AE = RTn (22) (20)

S

In the above equation, R is the ideal gas constant, T is the absolute temperature ex-
pressed in K, and Cs is the solubility in water.
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Figure 12 depicts the temperature-based biosorption energy variation. The range of
(5-8 k] mol) observed in Figure 12 corresponds to physical interactions, typically elec-
trostatic interactions and hydrogen bonds [40]. Furthermore, the biosorption energy ob-
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Figure 12. Energy of biosorption at three temperatures (298 K, 303 K, and 313 K).

3.10. Gaussian Process Regression

As previously mentioned, the optimization phase of the kernel model was crucial in
our study, aiming to determine the most effective model for predicting MB adsorption by
ZJS5-HsPOu. By carefully examining ten different kernel functions and meticulously ad-
justing the parameters of each, including the kernel scale represented by [sigmaM,
sigmakF], as well as sigma itself, we are able to evaluate each model’s ability to capture the
complex relationships present in our data. This rigorous approach enables us to identify
the most suitable model, ensuring the reliability and effectiveness of MB adsorption
prediction.

Following the optimization of the kernel function, the best-performing model is
presented in Table 7.

Table 7. Performance of the best GPR model.

Kern.el BaSI,s Kernel Scale Sigma R RMSE
Function Function
SigmaM  SigmaF Train Test Val ALL Train  Test Val ALL
1.7642
83.2462
ARD-Exponent ot 00347 86461 07340 09997 09997 09998 09998 0312 0161 0346 02805

ial

0.2946
9.4089

After meticulous optimization, the GPR model achieved remarkable performance.
By focusing on selecting the most suitable kernel and basis functions for each phase of the
study, we were able to maximize the model’s ability to capture the complex relationships
present in the data. The decision to use the ARD-Exponential kernel function was due to
its automatic adaptation of radial distance, providing optimal flexibility to model varia-
tions in the data. Additionally, incorporating the Constant basis function ensured fun-
damental stability in the model, regardless of fluctuations in the input data.
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The results obtained are particularly impressive. The high R values across all da-
tasets, 0.9997 for the training set, 0.9997 for the test data, 0.9998 for validation, and 0.9998
for the overall dataset, indicate the model’s ability to explain the variance in the observed
data effectively. The model performance is supported by the low RMSE values, which are
0.312 for training, 0.161 for testing, 0.346 for validation, and 0.2805 for the overall dataset.
These values indicate that the model’s predictions closely align with actual values,
demonstrating its accuracy and reliability in predicting MB adsorption by ZJS-HsPOu.

These results are visually represented in Figure S5, illustrating the performance
metrics of the optimized GPR model.

The optimized GPR model significantly advances our ability to model and under-
stand the MB adsorption process. Its exceptional ability to generalize and accurately
predict data strengthens its relevance and utility in this study and paves the way for po-
tential future applications in similar research and industrial settings.

3.10.1. Residues Study

To confirm the effectiveness and performance of the obtained model, the residual
method was utilized [87]. From the outset, experimental and predicted values were
plotted together as time series to visually verify any differences between the values
(Figure 13a). Subsequently, a histogram of the errors was plotted to provide a compre-
hensive understanding of the distribution and magnitude of these differences (Figure
13b). This rigorous validation process not only allows for the direct comparison between
observed and predicted values but also provides insights into the consistency and accu-
racy of the model across the entire dataset. By employing such a systematic approach, we
ensure that the model captures the overall trends and accurately represents the variabil-
ity and uncertainties inherent in the data. Overall, this methodology reinforces the relia-
bility and robustness of the model, validating its efficacy in predicting MB adsorption by
Z]JS-HsPOu.
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Figure 13. GPR model performance: (a) experimental data and the predicted data at different sam-
ples and (b) histogram of errors.

Figure 13a reveals a compelling superposition between the experimental and pre-
dicted values, showcasing the model’s ability to predict the actual data closely. This visual
alignment underscores the accuracy and fidelity of the model in capturing the intricate
nuances present within the dataset. Furthermore, Figure 13b shows that the model errors
approximately follow Gaussian distribution with zero mean, signifying the model’s va-
lidity. This approximate Gaussian distribution of errors with zero mean reaffirms the ef-
fectiveness and reliability of the model across a range of scenarios. These graphical rep-
resentations provide compelling evidence of the model’s robust performance in predict-
ing MB adsorption by ZJS-HsPOs, instilling confidence in its applicability and utility for
practical use.

In conclusion, the visual analyses presented in Figure 13a,b provide compelling
evidence of the effectiveness and reliability of the obtained model in predicting MB ad-
sorption by ZJS-HsPOu. These findings collectively affirm the robustness and utility of the
model, instilling confidence in its practical application in predicting and understanding
MB adsorption processes.

3.10.2. Interface for Optimization and Prediction

In the scope of this work, a dedicated application has been developed to predict the
amount of MB absorbed by Ziziphus jujuba stones treated with ortho-phosphoric acid, as
shown in Figure S6. This application represents a significant advancement in environ-
mental process modelling, providing researchers and professionals with a valuable tool
for modelling and predicting MB absorption. It also allows for the simulation and analy-
sis of trends in MB absorption in various environments, thus opening up new perspec-
tives for environmental research and ecosystem management.

4. Conclusions

The chemical modification of Ziziphus jujuba stones treated with ortho-phosphoric
acid (Z]JS-HsPOs) has shown promising results in enhancing its adsorption properties for
organic dyes. A comprehensive physicochemical characterization showed that ZJS-HsPOx
exhibited improved porosity, bulk density, and acidity compared to untreated ZJS, indi-
cating its suitability as an adsorbent material. The significant increase in phosphorus
content confirmed the successful incorporation of orthophosphoric acid during the
treatment process. Furthermore, the adsorption capacity of ZJS-HsPOs for methylene blue
(MB) was found to be substantial, with a maximum adsorption capacity of 179.83 mg g-'.
This finding demonstrates the potential of ZJS-HsPOs as an effective adsorbent for or-
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ganic dyes, highlighting its relevance in environmental remediation and wastewater
treatment applications. Applying Gaussian process regression (GPR) allowed for devel-
oping a predictive model to estimate MB adsorption by ZJS-HsPOa. The optimized GPR
model demonstrated exceptional performance in capturing the complex relationships in
the data, as evidenced by high correlation coefficients (R) and low root mean square er-
rors (RMSEs) across all datasets. The validation of the model through residual analysis
further confirmed its accuracy and reliability in predicting MB adsorption. Moreover,
developing a user-friendly interface for the GPR model development enhances its acces-
sibility and usability, providing researchers and professionals with a valuable tool for
simulating and analyzing trends in MB adsorption. This tool significantly advances en-
vironmental process modeling, offering new perspectives for environmental research
and ecosystem management. The findings presented in this study contribute to the
growing body of knowledge on using waste materials for environmental remediation.
The successful modification of ZJS with orthophosphoric acid opens up possibilities for
its practical application as an efficient adsorbent in various environmental and industrial
settings, thereby promoting sustainable waste management practices and addressing
challenges related to water pollution. Further research could focus on exploring the per-
formance of Z]JS-HsPOs in real-world scenarios and optimizing its synthesis process to
enhance its adsorption efficiency and cost-effectiveness.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1. Chemical structure of methylene blue; Figure S2. The change in
final pH as a function of the initial pH for solutions of ZJS-HsPO4 during the determination of the
point of zero charge PZC; Figure S3. SEM images of Z]S-HsPOs with different aggrandizement ((a):
x500; (b): x1000); Figure S4. Equilibrium isotherms for MB biosorption onto ZJS-HsPOs at different
temperatures (agitation speed = 250 rpm, pH = 10); Figure S5. Comparison between experimental
and predicted values: (a) training data, (b) testing data, (c) validation data, and (d) all data; Figure
S6. Application for prediction MB uptake using the GPR.
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