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Abstract

This study investigated the use of new bioadsorbent the Hydroxyfluorapatite
(Ca10(POa4)sOH1.75F0.25, HFA) to eliminate Alizarin Red S (ARS), a harmful water pollutant.
Initial batch tests were conducted to evaluate the adsorption process, focusing on both
kinetics and equilibrium behavior. Various kinetic models were applied such as: pseudo first-
order, pseudo second order, the intraparticular diffuision model and external diffusion
model. The modeling results proved that the pseudo-second-order model best matched the
experimental data. The data also suggested that both external and internal diffusion
resistances significantly influenced the adsorption kinetics. Various isotherm models were
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also tested: Langmuir, Freundlich, Langmuir-Freundlich, Dubinin-Radushkevich, and Redlich-
Peterson. The Langmuir-Freundlich model provided the closest fit to the experimental data.
Thermodynamic evaluation showed that the adsorption of ARZ is favorable at low
temperature; the process was non-spontaneous and exothermic. To optimize the removal
process and develop a predictive model for ARS adsorption, the Box-Behnken response
surface methodology (RSM) was employed. The results indicated that adsorption was most
efficient at pH = 6, an adsorbent dose of 0.2, and an ARZ concentration of 195.83 at room
temperature. The maximum adsorption capacity was determined to be 40.75 mg-g'. The
adsorption capacity of HAF was also proved to be effective for real wastewater treatment.
Five regeneration cycles had a slight effect on HFA's adsorbent performance. Overall, the
findings demonstrate that HFA is a promising material for treating wastewater containing
complex pollutant mixtures, offering an effective and reliable solution for dye removal.
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1. Introduction

Currently, environmental concerns are heavily focused on water pollution, which is anticipated
to escalate rapidly, posing a significant systemic threat to ecosystems and human health [1]. The
primary sources of water contamination stem from human activities related to domestic,
industrial, and agricultural sectors [2]. Among these, dyes discharged from industries such as
paper manufacturing [3], cosmetics [4], textiles [5], and tanneries [6] are major contributors to
water pollution [7]. Recent data estimate that around 80,000 tons of dyes are produced, used, and
released into rivers each year, often without any prior treatment [8]. The direct release of these
dyes into aquatic environments like lakes, rivers, and ponds threatens aquatic ecosystems due to
their toxic and persistent nature [8]. Removing these pollutants remains a complex challenge [9].
Various treatment methods have been explored, including chemical precipitation [10], flocculation
[11], ion exchange [12], electrolysis [13], membrane filtration [14], photocatalytic degradation [15,
16], and adsorption techniques [17-19]. Except for adsorption [20], many of these methods are
economically inefficient and suffer from drawbacks such as high energy consumption, the use of
costly reagents, and the generation of secondary hazardous wastes requiring further treatment
[21]. A variety of adsorbents were employed for these objectives, including carbon-containing
adsorbents. After waste adsorption, the adsorbed chemical content must be desorbed using a
different procedure, or the carbon-based adsorbents must be disposed of in a landfill as hazardous
waste. As a result, secondary waste volumes are satisfactorily reduced [22, 23]. Inorganic
materials, particularly phosphate-containing rocks rich in apatite which constitutes 60-70% of
bone by weight have shown promise due to their excellent biocompatibility and ability to interact
with biological systems [24]. In particular, Hydroxyapatite and Fluorapatite are advantageous for
water treatment because of their cationic sites, anionic character, and chemical stability [25, 26].
Because of its improved mechanical strength, chemical stability, and biocompatibility,
hydroxyfluorapatite (HFA) has better physical and chemical properties than hydroxyapatite and is
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therefore more appropriate for use in many environmental fields. Therefore, HFA exhibit
enhanced biocompatibility, catalytic activity, and adsorption capacity, making them suitable for
applications as biomaterials, catalysts, and adsorbents [27, 28]. To optimize these properties,
extensive research has focused on synthesizing HFA with controlled particle size distribution and
minimized agglomeration [29]. The incorporation of fluorine reduces crystal size and improves the
structural stability of apatite [30]. Studies by Azami et al. [31] and Nikcevi¢ et al. [27]
demonstrated that HFA Caio(POs)s(OH)15Fos (HFA) possesses superior thermal and chemical
stability compared to pure hydroxyapatite.

One of the most resilient dyes is the anthraquinone dye Alizarin Red S, which is used in
numerous industries. General chemical, physical, and biological processes cannot fully destroy
these colors. The intricate architectures of the aromatic rings, which provide excellent
physicochemical, thermal, and optical stability, are responsible for this resistance to degradation.
As a result, many treatments for these dye-laden effluents are generally insufficient.

An examination of the literature over the past 15 years, specifically regarding Alizarin Red S,
has revealed that methods for degrading this dye have largely focused on adsorbents derived from
readily available, inexpensive materials. Only a few studies were found to have dealt with the
sequestration of Alizarin Red S using non-biomass-based adsorbents [32]. While HAP has been
extensively studied as an adsorbent, HFA remains underexplored for dye removal. To the best of
our knowledge, no prior studies have systematically investigated the adsorption behavior of ARS
onto HFA, making this work novel. Within such a context, this study aims to evaluate the potential
of HFA as a novel adsorbent for the removal of ARS from wastewater, investigate the adsorption
kinetics, isotherms, and thermodynamics of the process, optimize the adsorption conditions using
response surface methodology (RSM), and assess the reusability of HFA for sustainable water
treatment applications.

2. Materials and Methods
2.1 Alizarine Red Solution

Alizarin Red S (sodium alizarin sulfonate) was employed as the target molecule in this study.
The stock solution was prepared by dissolving a quantity of ARZ in distilled water, and the desired
concentrations were obtained by simple dilution of the stock solution. The pH was adjusted to a
given value by adding HCI (1 N) or NaOH (1 N).

2.2 Hydroxyfluorapatite Preparation

Hydroxyfluorapatite powder (HFA) was synthesized via a wet chemical approach based on the
Heughebaert protocol [28]. Initially, Solution A was prepared by dissolving 23.76 g of diammonium
hydrogen phosphate, (NH4);HPO4 (purity >98%, Carlo Erba) and 0.55 g of ammonium fluoride,
NHaF (purity >98%, Sigma-Aldrich) in 750 mL of distilled water. This mixture was transferred to a 2-
liter reactor and brought to a boil with continuous magnetic stirring. In parallel, Solution B was
made by dissolving 70.8 g of calcium nitrate tetrahydrate Ca(NOs),-4H,0 (purity >98%, Honeywell)
in 750 mL of distilled water. Solution B was then added dropwise to Solution A. The pH was
carefully adjusted and maintained between 8 and 9 by periodically introducing concentrated
ammonia. Stirring was maintained for an extra three hours to promote complete mixing of the
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reagents and allow the reaction to proceed fully. The resulting suspension was filtered, thoroughly
washed with hot distilled water, and the collected solid was dried overnight at 70°C. The obtained
HAF was characterized using different analytical techniques: Infrared Fourier Transform
spectroscopy (FT-IR) instrument (model FTLA2000-102, ABB), an X-ray diffraction (XRD) instrument,
a PRO PANalyticalX’pert PRO apparatus (Malverna PANalytical) using a CuKa radiation between 26
degrees 20 and 60° with a step of 0.02°/s, and X-ray fluorescence spectroscopy (XRF) (Malverna
PANalytical). The specific surface area of the HFAP powder was ascertained utilizing the Brunauer-
Emmett-Teller (BET) method with a Belsorp mini X, employing nitrogen gas as the adsorbent.

2.3 Adsorption Study

For kinetic experiments, the prepared solution of ARS was fed into a stirred batch reactor with
a volume of 1 L and a controlled temperature. To achieve a uniform dispersion of the adsorbent,
the agitation speed has been set constant. A precise amount of HFA was added to the solution as
agitation was started. The experiment was made over time to reach equilibrium. Before analysis,
samples were filtered using a paper filter and AZR residual concentration was analyzed using a UV-
visible spectrophotometer (UV-1900, Shimadzu) at 520 nm.

The treatment of Alizarin Red was also studied under simulated real wastewater conditions.
Synthetic wastewater was prepared by combining Alizarin Red with Methylene Blue (cationic) and
Congo Red (anionic) at the same concentration to realistically mimic the composition and
complexity of industrial effluents, ensuring reproducibility of the experimental conditions. The
amount absorbed was calculated using the following equation:

Co — C;
m

q: = xV (Eq.1)
gr: Total adsorbed quantity (mg-g!) at time t; Co: Initial dye concentration (mg-L?); Cr: ARS
concentration (mg-L) at equilibrium; m: adsorbent mass (g); V: Adsorbate volume (L).

2.3.1 Effect of the Adsorbent Dose

To better understand the interactions between the pollutant and the adsorption sites present
in the adsorbent, a systematic investigation is needed. Various adsorbent doses (0.1 g, 0.2 g,0.3 g,
0.4 g, and 0.5 g) were tested. The adsorbent was put in contact with 50 mL of an ARS solution at a
50 ppm concentration. The agitation is maintained at a constant speed for 60 minutes (the HFA
equilibrium time) at room temperature and natural pH.

2.3.2 Effect of the Initial Concentration

To study the effect of initial dye concentration, the pollutant concentration was varied (25-200
mg-L1). The agitation speed was set to a constant. Then, a certain amount of HFA was introduced
into the reactor. Over time, measurements of two milliliters have been made until equilibrium.
Samples were filtered and diluted before analysis.
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2.3.3 Effect of pH

Batch adsorption experiments have been conducted with the determined stability domain to
assess the impact of pH on ARS adsorption. The adsorption process was carried out in well-closed
flasks of 100 mL, 50 mL of the solution with a 50 ppm concentration at room temperature (25°C),
and 0.3 g of the adsorbent mass.

2.4 Isotherm Study

Adsorption systems rely heavily on adsorption isotherms, which are essential for describing the
interactive behavior between the adsorbent (HFA) and the adsorbate (ARS). They are frequently
used to assess an adsorbent’s capacity. The following experimental methodology was used to
study adsorption isotherms: in 100 mL glass flasks containing 50 mL of solution with initial ARS
concentrations ranging from 5 to 300 mg-L, 0.35 g of HFA was added. These flasks were then
placed on a rotating agitator that maintained a steady temperature until equilibrium was reached.
The concentration of the pollutant remaining in solution at equilibrium was analyzed to determine
the adsorption capacity and to facilitate subsequent modeling of the adsorption mechanism. After
this equilibrium is reached, 10 mL of the solution was filtered and then centrifuged for 10 minutes
to remove any fine particles that may have come to the surface due to attrition during agitation.
The amount that was adsorbed was calculated using a material balance by comparing the residual
concentration of the sample to the beginning concentration, which was determined by UV-visible
spectrophotometer analysis.

A thermodynamic study was performed in a thermostatic reactor at 25°C, 40°C, and 60°C. An
ARS solution containing 100 mL and an initial concentration fixed at 200 mg-L"* was mixed with 0.7
g of adsorbent. The adsorption process takes place at the solution’s natural pH.

2.5 Experience Design Optimization

Current work is focused on a three-level Box-Behnken (BBD) design using the Response Surface
Methodology (RSM) to optimize the adsorbed amount of ARS on HAF. The statistical analysis
software [Design Expert software version 2013] was used to determine the importance of each
factor, interaction, and quadratic term in the optimization process.

2.5.1 Process Factors and Levels
The different factors with different levels are presented in Table 1.

Table 1 Process factors with different levels.

Factors Code Level(-1) Level (0) Level(+1)
ARS Concentration (mg/L) X3 50 125 200

pH X2 6 8 10
Adsorbent dose (g) X3 0.2 0.35 0.5
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2.5.2 Experimental Design

To optimize the amount of ARS ions adsorbed, a study was conducted according to the
following experimental protocol:

Glass flasks with an initially fixed concentration of ARS (50, 125, and 200 mg-L!) and pH (6, 8,
and 10) were placed in contact with adsorbent masses (0.2, 0.35, and 0.5 g). These bottles were
then placed on a rotating agitator, where the temperature is kept constant until equilibrium. Then,
a well-determined volume of solution was filtered and analyzed by the UV-visible
spectrophotometer.

2.5.3 Real Water Contained ARS Treatment

The wastewater containing ARS was treated with HFAp to evaluate the adsorption of ARS in
real wastewater conditions. This mixture, containing ARS and other components, including various
ions (both cations and anions), was brought into contact with the adsorbent to assess its potential
for removing the dye. The synthetic mixture can interact with the ARS dye and modify its behavior
with respect to the adsorbent material, thereby affecting sorption performance. Competitive
adsorption kinetics was achieved by charging the reactor with the pollutant solution at a fixed
speed at ambient temperature. A well-determined amount of HFA (1 g) is introduced into the
reactor, which corresponds to the zero time of the experiments. Samples (2 mL) were taken over
time. Before any analysis, these samples are filtered through a 0.45 um syringe filter. The analyses
were measured using the total organic carbon (TOC) apparatus (Duo, Pharma) (multi N/C 2100 S).

3. Results and Discussion
3.1 XRD, FTIR, and XRF Characterization of Hydroxyfluorapatite

Figure 1 displays a diffraction pattern of the synthesized HFA according to the experimental
procedure described above. The XRD pattern shows diffraction lines characteristic of the
combination of hydroxyapatite and fluorapatite, as reported in standards and in the literature. All
the major peaks (for 26 = 25.95, 32.04, 33.02, 34.07, 39.98, 47.06, 49.67, and 53.26) match exactly
with the reference, and consequently, this material is confirmed to be HFA minerals formed by a
single apatite phase [33]. The infrared spectrum depicted in Figure 2 presents typical HFA
absorption bands. Namely, the bands attributed to PO4*. The characteristic absorption bands are
detected in the ranges of 1087-1022 cm™, 951 cm™, 594-560 cm™, and at 454 cm™. Additionally, a
band near 3531 cm™ is assigned to the stretching vibration of hydroxide ions (OH"). The chemical
analysis findings of the HFA are compiled in Table 2. The Ca/P ratio is equivalent to 1.67 for
stoichiometric apatites. By comparing the synthesized powers, one can establish the stoichiometry
of the HFA. Furthermore, the analyzed quantities of calcium, phosphate, and fluoride exhibit ratios
comparable to those in the initial reagents. Therefore, the chemical formula produced after
synthesizing the powders is nearly identical to the hypothetical formulas estimated before
dissolving the reactants. The measured specific surface area of the HFA powder was 36 m?-g* ,and
the porosity was nearly 23%.
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Figure 1 XRD diffractogram of synthesized HFA.
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Figure 2 FTIR spectra of synthesized HFA.

Table 2 XRF analysis converted n number of atoms per unit cell in mmol-g* of HFA.

Element X Ca P F Ca/P
Number of atoms 994 596 0.48 1.66
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3.2 Adsorption Study
3.2.1 Effect of pH

As shown in Figure 3, the decrease in the adsorbed amount of Alizarin Red as the pH increases
from 6 to 12, from 6.45 to 4.035 mg-g™, can be explained by the combined effects of pH on both
the surface charge of hydroxyfluorohydroxyapatite and the speciation of the dye. At moderately
acidic to neutral pH, the apatite surface is partially protonated, leading to the presence of
positively charged surface sites, particularly exposed Ca?* ions, which promote the adsorption of
weakly ionized or mono-anionic forms of Alizarin Red through electrostatic attraction and surface
complexation mechanisms. In contrast, under alkaline conditions, the progressive deprotonation
of surface hydroxyl groups results in a negatively charged surface, leading to electrostatic
repulsion with the highly anionic species of Alizarin Red formed due to the deprotonation of its
phenolic groups. In addition, the increased concentration of OH™ ions at high pH leads to
competition for active adsorption sites, especially calcium sites, and weakens hydrogen-bonding
interactions. Moreover, the strong ionization of Alizarin Red in alkaline media enhances its
solubility in water, thereby reducing its affinity for the adsorbent surface. Similar trends have been
reported for the adsorption of anthraquinone dyes onto apatite-based materials, confirming that
electrostatic interactions and dye speciation play a key role in the adsorption mechanism [34, 35].

10
o
2
7
. .
W 6 . .
&0 [
E
= 5
o
4 ™
a
2
1
] 2 ) =] ] 10 12 14

pH
Figure 3 pH effect (C; = 50 ppm; T = 25°C; m = 0.35 g).
3.2.2 Effect of Adsorbent Dose

The determination of the adsorbent dose effect is a key parameter. The effect of the adsorbent
mass on the HFA adsorption capacity of the ARS dye is shown in Figure 4. Increasing the adsorbent
dose from 0.1 to 0.5 mg-L! decreases the adsorption capacity from 10.53 to 4.47 mg-g*. It can be
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concluded that increasing the dosage of adsorbents increases the number of unsaturated sites.
Furthermore, the adsorption capacity formula explains this decrease. A mass of 0.1 g indeed
absorbs a significant amount of adsorbent, but the level (balance) is achieved at a mass equal to
0.35 g. This mass will be able to fix the maximum of ARS ions. The adsorption capacity of the
material strictly follows the obtained SSA and porosity values.

12

10 .

Q. (me/E)
(=31

0 0.1 0.2 0.3 0.4 0.5 0.6

mass [g)
Figure 4 Adsorbents’ dose effect (Ci =50 ppm; 300 rpm; T = 25°C; pH = 6).
3.2.3 Determination of Equilibrium Time

Determining the contact time required to reach adsorption equilibrium is a fundamental step in
kinetic studies. The effect of contact time on ARS (Acid Red 97) adsorption onto HFA was
investigated. As shown in Figure 5, the adsorption capacity for ARS ions increases with contact
time until a saturation plateau is reached, indicating equilibrium. This trend is driven by the
diffusion of ions to the available adsorption sites. The process exhibits rapid initial kinetics, with
the majority of adsorption occurring within the first 30 minutes, yielding a capacity of 6.15 mg-g™*.
This suggests a high initial availability of active surface sites. The capacity increased only slightly to
6.44 mg-g! when the contact time was extended to 60 minutes, confirming that equilibrium is
effectively attained at this point. Therefore, a contact time of 60 minutes was selected for all
subsequent experiments.
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10

Qe (mglg)
Ln

0 20 100 130 200

Time (min)
Figure 5 Effect of balance time (Ci = 50 ppm; 300 rpm; m = 0.35; T = 25°C; pH = 6).
3.2.4 Effect of the Initial Dye Concentration

The impact of increasing the initial dye concentration on adsorption behavior was examined.
The results are presented in Figure 6, where the adsorption process exhibits a rapid initial phase.
This rapid uptake is attributed to a high concentration gradient between the solution and the
adsorbent surface, as well as a high initial availability of unoccupied active sites, which together
provide a strong driving force to overcome mass transfer resistance [36]. In the subsequent phase,
the adsorption rate decreases as the available sites are occupied, gradually approaching
equilibrium. The equilibrium adsorption capacity increased from 3.12 mg-g! at an initial
concentration of 25 mg-L! to 32.78 mg-g? at 200 mg-Lt. This significant rise is due to the
increased number of dye ions in solution, which enhances the probability of collision and
interaction with the adsorbent’s active sites. In addition, as the initial concentration of Alizarin Red
increases, the driving force for mass transfer from the solution to the adsorbent surface increases,
resulting in higher adsorption capacities. However, this increase continues only until the active
sites of the adsorbent become saturated.
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Figure 6 Initial concentration effect for ARS adsorption on HFA (t = 60 min; 300 rpm; m

=0.35; pH =6; T =25°C).

3.3 Isotherm and Thermodynamic Study

An adsorption isotherm was established by varying the initial dye concentration in the range 5-
150 mg-L! in aqueous solution, with the temperature constant at 25°C. Figure 7 shows the results
of the established isotherm and the dynamic balance and affinity between adsorbent and
adsorbate. The adsorption isotherms exhibit a sharp initial rise at low solution concentrations,
followed by a plateau at higher concentrations, indicating surface saturation.
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Figure 7 Adsorption isotherms (T = 25°C; m = 0.35; pH = 6).
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The examination of the thermodynamic process behavior is necessary to determine the
temperature dependence and spontaneity of the adsorption. In this context, the effect of
temperature on ARS adsorption on HFA was examined. The standard enthalpy change (AH®) and
standard entropy change (AS°) were determined from the slope and intercept, respectively, of the
linear plot of In(Kq) versus 1/T (Van’t Hoff plot), presented in Figure 8.

1/T

0.0p29 0.003 0.0031 0.0032 0.0033 0.0034 0.0p35
-0.5

-1.5

Ln Kd

-2.5

-3.5

Figure 8 Van’t Hoff plot for ARS adsorption onto HFA.

The thermodynamic adsorption parameters collected in Table 3 were determined from
experiments conducted at different temperatures. The negative values of AH° and AS° confirm
that the adsorption process is exothermic and results in a more ordered arrangement of dye
molecules at the adsorbent surface. Furthermore, the positive value of AG® indicates that the
adsorption is non-spontaneous under the studied conditions.

Table 3 Thermodynamic parameters of ARS adsorption by HFA.

AH° (k)-mol?)  AG°(kJ-mol?)  AS°(kJ-K1-mol?)
-19.80 5.31 -0.085
HFA 6.78
8.75

3.4 Treatment of Real Water Containing ARS

This section evaluates the treatment of a real effluent containing ARS, demonstrating the
adsorbent’s potential retention and the time-based pollutant removal rate under conditions
relevant to wastewater treatment, with a retention rate calculated according to the following
equation:

TOC® —TOC
R% = W (Eq. 2)
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Figure 9 demonstrates the significant retention potential of the HFA adsorbent, which
effectively fixed 78% of contaminants, confirming its efficacy for this application.

09

0.8

0.7 A

06 A

05 A

04 -

0.3 - *

TOC Elimination Rate (%)

0.2 -

01 -

0 T T T
0 50 100 150 200

Time [min)

Figure 9 Treatment of a real mixture by HFA.
3.5 Optimization of Treatment Conditions by Experimental Design
3.5.1 Statistical Analysis of the Experimental Results

A Box-Behnken design (BBD) was employed to statistically determine optimal operating
conditions and to evaluate the influence of three independent variables: pH, adsorbent mass (m),
and initial dye concentration (ARS) on the adsorption capacity of HFA for ARS dye. Fifteen
experimental runs were conducted to study the effects of these factors. The results of the
experimental design matrix are presented in Table 4 and Table 5. Based on the collected data, a
guadratic model was selected as the final predictive model. Statistical analysis confirmed the
model’s significance, with a high model F-value of 39.51, indicating it is statistically adequate.
Model terms with p-values less than 0.05 are considered significant; in this case, the linear terms
(A, B, C), the interaction terms (AB, AC), and the quadratic terms (A2, C?) were identified as
significant. Conversely, terms with p-values greater than 0.10 were considered non-significant.

Page 13/33



Adv Environ Eng Res 2026; 7(2), doi:10.21926/aeer.2602006

Table 4 Plan Matrix of Box—Behnken for retention of ARS by HFA.

A B C Experimental response Predicted Response
Std Run [ARS] pH m Qexp Qpredic
mg-L* g mg-g™ mg-g*

2 1 200 6 0.35 31.6 30.8

1 2 50 6 0.35 5.98 4.21

7 3 50 0.5 2.5 3.31

10 4 125 10 0.2 19.5455 18.58

4 5 200 10 0.35 8.95 10.72

14 6 125 8 0.35 15.32 14.65

15 7 125 8 0.35 14.35 14.65

9 8 125 6 0.2 27.8 29.41

8 9 200 8 0.5 14.905 14.75

5 10 50 8 0.2 8.15 8.31

12 11 125 10 0.5 10.67 9.06

13 12 125 8 0.35 14.28 14.65

3 13 50 10 0.35 3.2 4.00

6 14 200 8 0.2 31 30.19

11 15 125 6 0.5  17.5455 18.50

Table 5 Analysis of variance results (ANOVA) for response surface.

Source Sum Square Df Average Square Valueof F Value of p
Model 1186.00 9 131.78 39.51 0.0004 Significant
A-C 554.86 1 554.86 166.34 <0.0001
B-pH 205.64 1 205.64 61.65 0.0005
C-m 208.85 1  208.85 62.61 0.0005
AB 98.70 1 98.70 29.59 0.0028
AC 27.27 1 27.27 8.18 0.0354
BC 0.4755 1 0.4755 0.1425 0.7213
A? 44.83 1 44 .83 13.44 0.0145
B2 5.93 1 5.93 1.78 0.2400
c? 32.64 1 32.64 9.79 0.0260
Residual 16.68 5 3.34
Lack of Fit 16.00 3 533 15.79 0.0602 Not significant
Pure Error 0.6758 2 0.3379
Cor Total 1202.67 14

R? =0.9861; R? Adjusted = 0.9612; R? predicted = 0.7858.

The projected R? coefficient of 0.7858 is in reasonable harmony with the adjusted R?, which is
0.9612, i.e., the difference is less than 0.2. A ratio greater than 4 is desirable. Our report of 18,431
indicates that the signal is adequate. Hence, this model can be used to navigate the design space.
The response (Y = Qe adsorbed from the dye) was obtained using a square equation:
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+0.34X,X; — 3.48(X,)2 + 1.26(X,)? + 2.97(X;)? (Eq.3)

Based on the ANOVA and according to the results mentioned in Table 5, the second-order
polynomial model is identified with the statistical significance adjustment as follows:

Y = 14.65 + 8.32X, — 5.07X, — 5.10X;
—4.96X,X, — 2.61X, X5 — 3.48X,% + 2.97X,* (Eq.4)

The analysis of model coefficients elucidates the significant individual and interactive effects of
the parameters studied on adsorption performance. The positive coefficient for initial
concentration (a1 = +8.32) confirms a direct proportionality, where an increase in concentration
promotes a higher adsorbed quantity, aligning with prior findings on mass transfer driving forces.
Conversely, both solution pH (a; = -5.07) and adsorbent dose (a3 = -5.10) exhibit significant
negative coefficients, indicating an inverse relationship with the adsorption capacity. This suggests
that lower pH and a smaller adsorbent dose are favorable within the studied range, the latter
likely due to site saturation or aggregation effects at higher masses. Furthermore, significant
negative interaction effects are observed between concentration and pH (a2 = -4.96) and
between concentration and adsorbent dose (aiz = -2.61). These antagonistic interactions imply
that the positive effect of increasing concentration is substantially diminished at higher pH levels
or with larger adsorbent doses, highlighting the complex, interdependent nature of the process
optimization. A crucial diagnostic tool for assessing the predictive efficacy of the constructed
model is residual analysis, which examines the difference between the model-predicted and
experimentally obtained responses [37]. The normality of the residuals for ARS dye removal was
examined in this work to evaluate the suitability of the updated Box-Behnken Design (BBD) model.
Figure 10, which shows the normal probability plot of the residuals, visually illustrates this
diagnostic assessment. The model’s statistical dependability is validated by the data points’ tight
alignment with the theoretical straight line, which demonstrates a normal distribution.

Predicted vs, Actual

Predicted
]
1

10—

Q 10 i e &)
Actual

Figure 10 Values predicted by the model VS experimental values of the HFA.

Page 15/33



Adv Environ Eng Res 2026; 7(2), doi:10.21926/aeer.2602006

From Figure 11, it can be concluded that the residual distribution is perfect, with the points
appearing significantly close to a straight line. This result indicates that residues are correctly
presumed and separated. In addition, the actual and expected values were similar, as confirmed
by statistical analysis, supporting the BBD model.

¢ ®
I
50 200 6 10
X1: C=195.833 X2: pH=6.066
| - — L
0.2 0.5 25 316
X3: adsorbent dose =0.2016 Q= 40.7559

Desirability = 1.000
Figure 11 Desirability and optimal condition of HFA by ARS adsorption.
3.5.2 Desirability Study

The desirability function approach was used to determine the ideal input variable values to
achieve the best performance levels for one or more responses. Every answer during optimization,
(Yi) is transformed into the unique desirability function (di). The ideal reaction is represented by a
value of 1, and this function ranges from 0 to 1.

The intermediate values indicated results that were, in general, acceptable. To study numerical
optimization and the response that reaches its optimum, a minimum and a maximum level for
each input variable must be given. The independent variables under their optimal response
surface methodology with the desirability function are shown in Figure 11.

It can be noted that all these optimal values are accurate within the given range of operational
parameters and are attributed to a desirability value of 1. The optimum conditions generated are
as follows: Initial concentration of ARS = 195.83 mg-L%; Adsorbent dose = 0.20 g; Medium pH =
6.06. These conditions were maintained as constant throughout the study, except when a specific
parameter was deliberately varied to isolate its effect.

3.5.3 3D Response Surface Plots

Based on the constructed regression model, three-dimensional response surface plots, two-
dimensional contour plots, and interaction effect diagrams were created to clarify the interactive
impacts of the process factors on adsorption capacity. The 3D response surface (Figure 12) for the
adsorbed ARS quantity, with the three factors studied (pH, initial ARS concentration, and
adsorbent dosage), was used to better explain the relationship among these factors and to assess
the optimal conditions for each variable to achieve maximum adsorption. From Figure 12(a), the
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adsorption capability was greatly impacted by the interplay between pH and Alizarin Red S (ARS)
concentration. Adsorption capacity showed a direct correlation with ARS concentration, rising as
the dye concentration in solution increased, as seen in the related response surface plots. On the
other hand, adsorption capacity declined significantly as the solution pH increased, indicating an
inverse relationship with pH. This opposing pattern points to a competitive interaction in which pH
controls the dye’s ionization state and the adsorbent’s surface charge, hence regulating the
adsorption efficiency even at increasing contaminant loads. Figure 12(b) shows that pH and
adsorbent dosage have a simultaneous detrimental effect on adsorption capacity. Adsorption
efficiency decreased as the adsorbent mass increased. At the same time, capacity decreased as pH
increased. The combination of low pH and low adsorbent dosage was thus shown to be the most
advantageous for adsorption. This pattern implies that medium pH creates ideal electrostatic
circumstances for absorption, whereas the adsorbent’s active sites are used more effectively at
lower doses. The data in Figure 12(c) clearly show that the interaction between the adsorbent
dosage and the ARS concentration was significant. Higher concentrations and smaller adsorbent
doses produced greater adsorption capability. The greater quantity of ARS at the adsorption site
causes the adsorbent particle to become overloaded, which explains this observation.

Q (mg/L) 05 Q (mg/L)
(b)

044

038

B: [ARS]

0.32

C: adsorbent dose

0.26

A: pH
Q (mg/L)

C: adsorbent dose

50 80 110 140 170 200

B: [ARS]

Figure 12 Interaction between the adsorption parameters for HFA.
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3.6 Modeling of Experimental Conditions
3.6.1 Pseudo-First and Pseudo-Second Order Models

Adsorption kinetics is one of the most important characteristics that govern the rate of
absorption of the solute; it represents the adsorbent’s absorptive efficiency and, therefore,
determines its potential applications. The kinetic parameters obtained for the adsorption process
were analyzed by mathematical models. The modeling of adsorption kinetics by pseudo-first-order
and pseudo-second-order models is illustrated in Table 6 for the different operating conditions
studied.
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Table 6 Parameters for modeling the kinetics of ARS adsorption by Hydroxyfluorapatite.

Pseudo-first Order Model Pseudo-second order Model
ARS concentration Qexp ] K2 L Qea .. R? Qexp ] K L Qa . R
(mg-g?) (g:mgmin?) (mgg?) (mg-g?) (g'mgmin?) (mgg?)
C=50mg-Lt? 6.440 0.048 4.76 0.857 6.440 0.182 5.48 0.952
C=125mg-L? 19.196 0.157 15.61 0.943 19.196 0.048 20.6 0.910
C=200 mg-L? 32.786 0.068 31.54 0.670 32.786  0.033 33.3 0.882
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According to Table 6, the pseudo-second order regression coefficient for the adsorption of ARS
on the HFA is close to the unit, indicating better compliance with experimental results compared
to the pseudo-first order model. On the other hand, the value of the experimental adsorption
capacity (Qexp) is more consistent with the calculated adsorption capacity (Qca)from the pseudo-
second order kinetic model.

In addition, a systematic decrease in ko was observed with increasing initial adsorbate
concentration. This is consistent with experimental data. This decrease is because higher
concentrations require longer treatment times to reach equilibrium [38]. Therefore, the chemical
adsorption process can be involved during the adsorption mechanism [39].

3.6.2 Intra-Particule Diffusion Model

The intraparticle diffusion model was linearized by plotting the adsorbed quantity, g:, as a
function of the square root of time, t*°, under various operating conditions (Figure 13). According
to this model, if intraparticle diffusion were the sole rate-limiting step, the plot would yield a
straight line passing through the origin. This is not observed in the present system; instead, the
plot exhibits multi-linear segments, indicating that the adsorption process occurs in two successive
stages. The first linear segment represents the initial stage of instantaneous or external surface
adsorption, governed by rapid diffusion through macropores. The second segment corresponds to
a slower, progressive adsorption stage controlled by diffusion into mesopores [40]. Finally, the
plateau region signifies the attainment of equilibrium, where intraparticle diffusion slows
significantly due to solute depletion in the bulk solution [40]. These results demonstrate that,
while intraparticle diffusion is a major mechanism, external film diffusion also contributes to the
overall adsorption kinetics.

7
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Figure 13 The intraparticular diffusion model for adsorption of ARS by HFA (Ci = 50
ppm; m=0.35g; T=25°C; pH =6).
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3.6.3 Diffusion Model in Liquid Film

Film diffusion is one of the transfer stages during the adsorption process. To assess the
existence of this resistance, the external film model is used. From Figure 14, the linear trajectory
of -In(1 - F) versus time (t), which passes through the origin, confirms that the diffusion pattern
within the liquid film aligns with the experimental adsorption data for ARS on both adsorbents.
This alignment demonstrates that mass transfer across the boundary layer is a determining factor
in ARS retention, thereby corroborating earlier findings.

a

a 10 20 30 40 50 &0 70
Time (min)

Figure 14 Linearization of the diffusion pattern in the external HFA film (Ci = 50 ppm; m
=0.35g; T=25°C; pH =6).

Additional insights from the intraparticle diffusion model and the film diffusion mode indicate
that the adsorption mechanism involves a combination of surface interactions, such as
electrostatic attraction and hydrogen bonding, along with potential weak chemical interactions.
Therefore, the adsorption process is better described as a mixed mechanism rather than purely
chemisorptive.

3.6.4 Validation of Adsorption Isotherm Models

The study of adsorption equilibrium isotherms is based on the determination of the capacity
and nature of the adsorption mechanism and the assessment of the adsorbent-adsorbate affinity.
To describe the phenomenon of ARS adsorption, different models have been applied, namely the
Langmuir, Freundlich, Langmuir-Freundlich, Temkin, Dubinin-Radushkevich, and Redlich-Peterson
models.

The Langmuir isotherm confirmed that, in the absence of interactions between adsorbed
molecules, ARS absorption was achieved on a homogeneous surface through monolayer sorption.
The following equation is the linear form of the Langmuir isotherm equation [41]:
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c, C 1

qe dm KLqm

(Eq.5)

where ge and gm are the equilibrium adsorption capacities and the maximum monolayer
adsorption capacity (mg-g?) respectively, KL is the Langmuir constant (L-g), and Ce is the solute’s
equilibrium concentration (mg-L2). The Freundlich isotherm model is applied when non-ideal
sorption takes place on heterogeneous surfaces, and the following is the linear version of the
equation [41]:

qe = KFC:/n (Eq- 6)

where C. is the solute concentration at equilibrium (mg-L), n is a constant, Kr is the Frischen
constant (L-g?'), and ge is the capacity at equilibrium (mg-g?). The solute-adsorbent pair
determines the Freundlich constants (Kr and n). Adsorption is advantageous when n is between 1
and 10. Conversely, an unfavorable adsorption is indicated when the value of n is smaller than 1.

The thermodynamic conditions of the adsorption process can be specified using Temkin’s
model. Temkin postulates that the heat of absorption will decrease linearly with recovery rate. In
chemical adsorption, Temkin’s equation is relevant.

The following equation represents this model [41]:

qe = Br x In(K;C,) (Eq.7)

where Br is the Temkin constant, which is associated with the heat of sorption (J-mol?). An
empirical model that is frequently used to determine the adsorption mechanism with Gaussian
energy distribution onto heterogeneous surfaces is the Dubinin-Radushkevich adsorption isotherm
model. It is typically used to differentiate between chemical and physical adsorption. The
following is the expression for the Dubinin-Radushkevich model [41]:

Lng, = Lng,, — Be* (Eq.8)
1
€ =RTIn (1 + Z) (Eq.9)

The Redlich—Peterson model is a combination of the Langmuir and the Freundlich models into a
single one. It proposes an empirical equation that can describe adsorption equilibrium over a wide
range of concentrations in both heterogeneous and homogeneous systems. At low surface
coverage, the Redlich—Peterson equation reduces to the Freundlich isotherm at high adsorbate
concentrations, and to the Langmuir isotherm when B = 1. The equation is given by Eq. 10 [41]:

KR Ce

=——73 (Eq.10)
1+axC(,

de

With Kz is the Redlich—-Peterson isotherm constant (L-g'); ar is the Redlich—Peterson isotherm
constant (L-mg?); and B is an exponent ranging between 0 and 1.
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The Langmuir—Freundlich isotherm was initially proposed for gas adsorption on heterogeneous
solids; however, it has also been developed and widely used for liquid adsorption on
heterogeneous solids. This model is given by the following equation [42]:

Ky x €M™
de =

= (Eq.11)
1+ Ky xc/™

With Kir: Langmuir-Freundlich Constant.

The fitting of the experimental results by the models is given in Figure 15. The results of non-
linear modeling of isotherms are summarized in Table 7. From the data in this table and the
determination of the regression coefficient, as well as the calculated RMSE error of experimental
conditions, it can be concluded that:
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Figure 15 Isotherm modeling of ARS adsorption on HFA (m = 0.35; T = 25°C; pH = 6).
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Table 7 Parameters’ of adsorption isotherm models.

Model Parameter Value
Langmuir

Qmax (mg°g'1) 98.04

K. (L-mol?) 3.9E(-3)

R? 0.923
Freundlich

n 8.95E-1

Ke (mg-g?) 1.56E-1

R? 0.914
Langmuir-Freundlich

Qmax (mg'g-l) 23.26

Kir (L-mg?) 1.56E-4

Np ¢ 2.75

R? 0.998

RMSE 0.64
Temkin

A (L-mg?) 0.23

B 6.78

R? 0.902
Dubinin-Radushkevich

qm (Mmg-g?) 23.26

B (mol?-kJ?) 4E-5

RMSE 2.03

R? 0.974
Redlich-Peterson

Kr (L-g2) 0.14

or (L-mg?) 7.1E-8

B 0.09

R? 0.908

RMSE 2.92

The Langmuir model fits the experimental results, with a regression coefficient of 0.923. This
empirical model demonstrates that adsorption is homogeneous, occurs in a single adsorption
layer, and that all active sites have an affinity for the adsorbate [43]. The Freundlich model is also
considered validated and can describe the phenomenon of this study with a regression coefficient
equal to 0.914. This empirical model provides insights into the idea about the reversibility and
heterogeneity of the adsorbent surfaces and that the phenomenon is not limited to the formation
of a single layer but multi-layer adsorption is also possible [44].

Under these conditions, the combination of the two models, Langmuir and the Langmuir-
Freundlich model, was used to improve model validation. The modeling results show that the
regression coefficient is 0.998. So, this model is the most appropriate to describe the adsorption
process.
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The adsorption data were analyzed using monolayer and double-layer models to elucidate
surface interactions and determine whether adsorption occurs as a single layer or involves
multilayer coverage. Two new physical models were used: single-layer and double-layer
adsorption models [45].

The first model is a monolayer model, which was applied by assuming that dye removal
occurred through a monolayer process, with an associated energy describing the interactions
between ARS molecules and the active sites on the adsorbent surfaces. In addition, it was
assumed that a secondary dye layer could be involved in the adsorption process for both materials.
Consequently, a second energy term can be introduced to characterize the interactions between
dye molecules, making a double-layer model a suitable option for studying this adsorption system.
The mathematical expressions of the two models are given by the following equations:

Monolayer model:

nxD
e = T (Eq.12)

c2z
1+C_

e

Dnm: the density of functional groups on the adsorbents; N: the number of dye molecules bound to
the functional groups of the adsorbents; C¥2: the half-saturation concentration of the layer
formed by dye molecules.

Double Layer Model:

L mx o) x () + @ x 2y

qe_ 1+(g_:)n+(2:_z)2n

(Eq.13)

C; and C; are the half-saturation concentrations of the dye.

The application of these two models can be used to confirm the validity of the appropriate
model of adsorption isotherms, “Langmuir-Freundlich”. Experimental data on ARS adsorption from
both models are shown in Table 8. After examination, it was found that the R? regression
coefficients of the monolayer and double-layer adsorption models are 0.971 to 0.999, respectively.
So, the double-layer model is more appropriate than the single-layer model, given that the
regression coefficients are closer to 1 than in the single-layer model. This means that physical
interactions are involved in the process of adsorption and that the phenomenon has taken place in
two layers [46]. In this model, n is a very important parameter because it indicates the orientation
of ARS molecules on the adsorbent surface (horizontally or vertically) during adsorption [46].

- If (n < 1): This is probably due to the adsorption incorporation of the eliminated ARS

molecules being horizontal or vertical;

- If (n < 0.5): This condition indicates that the ARS Molecule can interact with at least two

adsorbent sites;

- If n € to (0.5, 1): This indicates that the ARS dye can be adsorbed on the surface of the

adsorbents by both types of orientation (i.e., parallel and non-parallel);

- If (n>1): ARS can be adsorbed on HFA via a total non-parallel orientation [38].
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Table 8 Parameter of the two physical models for the adsorption of ARS by the two

adsorbents.
Mono-layer Model Double-layer Model
Dm ci/2 R Dm C1 G )
N 1 4, RMSE R n 1 1 4 RMSE R
mg-g mg-L mg-g mg-L mg-L

096 3484 5265 3.67 0980 1.02 61.19 734.66 11.07 0.28 0.999

The value of n = 1.02, the orientation of the ARS molecule is non-parallel, and the storage of
this molecule on the surface of HFA is a multi-storage.

3.7 Regeneration Study

The most important aspect of the adsorption process is the adsorbent's reusability; therefore,
it is crucial to investigate the regeneration of dye-loaded adsorbents [45]. A regeneration study
was conducted to evaluate the potential for the adsorbent’s repeated use without significant loss
of performance. Following regeneration, 0.1 M NaOH was used to desorb the HFA-adsorbent-
saturated ARS dye molecules with a contact time optimized to 20 minutes to avoid the partial
dissolution of HFA. The interactions between the ARS dye molecules and the adsorbent surface
will be hindered by the alkalinity of the NaOH molecule. The adsorbed molecule then begins to
desorb from the adsorbent surface. After the desorption step, the adsorbent was cleaned and
oven-dried for three hours at 100°C. As illustrated in Figure 16, the adsorption capacity declined
gradually yet remained limited across multiple cycles. Specifically, the capacity decreased from
40.75 to 36.91 mg-g, given during five consecutive cycles. Likewise, similar results were obtained
after the adsorbent’s calcinations at 500°C at each end of the cycle. This study, however, did not
consider this later process because it was assumed to be an energy-intensive procedure. This
minimal loss in performance demonstrates the robust reusability of the material and aligns with
previous studies on HAP-based adsorbents for organic dye removal [18]. Investigating dye-loaded
adsorbents for regeneration is essential, as adsorbent reusability is the most significant
component of the adsorption process [45, 47]. To determine if the adsorbent could be used
repeatedly without experiencing a noticeable decline in performance, regeneration research was
carried out. Over several cycles, the adsorption capacity decreased slightly but remained
controlled, as shown in Figure 16. Investigating dye-loaded adsorbents for regeneration is
essential since the reusability of the adsorbent is the most significant component of the
adsorption process [45].
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Q(mgg?)

Number of cycle

Figure 16 Reuse of HFA for different adsorption/regeneration cycles.
3.8 Comparative Study

A comparative study was conducted to assess the efficiency of HFA synthesized in this work
with other adsorbents in the literature for the removal of ARS and other dyes. Results are
summarized respectively in Table 9 and Table 10. Compared with numerous traditional adsorbents
documented in the literature, the synthesized HFA showed good adsorption efficiency. The strong
affinity of HA-based materials for both organic and inorganic contaminants is well recognized,
owing to their surface hydroxyl and calcium active sites, which facilitate ion exchange, surface
complexation, and electrostatic interactions. Furthermore, HA and modified apatite materials
have demonstrated competitive adsorption capacities for a variety of dyes, such as Methylene
blue, Rhodamine B, methyle orange and Congo Red. These findings demonstrate the adaptability
and strong adsorption capacity of apatite-based materials, the affinity of HFA for ARS removal,
and the adsorption of other studied dyes. Thus, the produced HFA can be regarded as a promising
and effective biosourced adsorbent.

Table 9 Comparative study of HA-Based Adsorbents for Dye Removal.

Adsorption Capacity

Dye Hydroxyapatite-Based Adsorbent (Gmars Me/&) References
Methylene Blue Hydroxyapatite (synthetic HAp) ~49 mg/g (48]
Methylene Blue Nano-hydroxyapatite ~71 mg/g [49]

Congo Red Hydroxyapatite powder ~34 mg/g [50]

Congo Red Modified hydroxyapatite ~85 mg/g [51]
Rhodamine B Hydroxyapatite nanoparticles ~23 mg/g [52]
Methyl Orange Hydroxyapatite-based composite ~40 mg/g [53]
Reactive Blue dye  Hydroxyapatite derived from biowaste ~60 mg/g [54]
Alizarin Red S Hydroxyfluorapatite 40.75 mg/g This study
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Table 10 Comparative study of adsorbents for Alizarin Red S Removal.

Adsorption Capacity

Dye Adsorbents References
(gmax, mg/g)

Alizarin Red S Fe-clay (activated clay with Fe) 32.7 [55]
Alizarin Red S Zeolite L 95.24 [56]
Alizarin Red S SSZ-13 zeolite 210.75 [57]
Alizarin Red S Fe;03@BC-KC composite 174.9 [58]
Alizarin Red S Activated carbon/y-Fe,03 108.69 [59]
Alizarin Red S Hydroxyfluorapatite 40.75 This study

4, Conclusion

This work demonstrates that HFA can serve as an efficient adsorbent for removing Alizarin Red
S (ARS) from aqueous solutions. Contact time, adsorbent dose, pH, and temperature all affected
the adsorption process; the best removal was obtained at 60 minutes, 0.35 g of adsorbent, natural
pH (~6), and 20°C. Thermodynamic results indicate that the process is exothermic and primarily
driven by physical interactions. At the same time, kinetic and isotherm analyses show that the
adsorption is well described by pseudo-second-order kinetics and the Langmuir isotherm.
Additionally, the adsorbent showed remarkable reusability with no capacity loss. To examine the
impact of various parameters on the adsorption capacity of HFA, a quadratic polynomial model
based on a Box-Behnken Design (BBD) was created using Response Surface Methodology (RSM).
Examining the residuals and model precision revealed an excellent fit to the normal distribution,
and analysis of variance (ANOVA) validated the model’s high significance. Additionally, main-effect
plots showed that low adsorbent dose, high ARS concentration, and medium pH were the
conditions that produced the best ARS adsorption capacity onto HFA. The adsorption phenomena
followed the Langmuir-Freundlich isotherm model. Thermodynamic analysis revealed that the
adsorption process is exothermic and non-spontaneous. The adsorption kinetics were well-
described by the pseudo-second-order model, suggesting that chemical interactions are a key
mechanism in ARS adsorption. Mass transfer during the adsorption process is controlled by
internal and external diffusion limitations. Finally, an adsorption-regeneration study demonstrated
the potential reusability of HFA over three successive cycles. These findings underscore the
efficacy of green-synthesized adsorbent material for dye removal and its potential for sustainable
applications.
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