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ABSTRACT

Water pollution by synthetic dyes from industrial effluents poses serious environmental and health risks. This study
reports the synthesis, characterization, and application of a novel hydroxyapatite/chitosan-glutamic acid composite (HAP-
Cs-Glu) for Congo red (CR) dye removal from aqueous solutions. The composite was synthesized via chemical
precipitation at 80°C and pH 10 with 5 hours aging. Characterization was performed using XRD, FESEM, TEM, BET,
and FTIR techniques. XRD confirmed hydroxyapatite formation with low crystallinity and 12.27 nm average crystal size.
FESEM and TEM revealed spherical particles (~45.77 nm) composed of needle-like nanocrystals. BET analysis showed
a surface area of 58.958 m?/g, pore volume of 0.5538 cm?/g, and average pore diameter of 37.572 nm. FTIR confirmed
successful functionalization with characteristic phosphate, amino, and carboxyl bands. Batch adsorption experiments
investigated effects of contact time (15-75 min), adsorbent dose (0.03-0.15 g), pH (3-9), initial concentration (200-600
mg/L), and temperature (313-333 K). Optimum conditions were: 600 mg/L CR concentration, pH 3, 0.03 g adsorbent, 45
min contact time, and 60°C, achieving maximum adsorption capacity of 833.33 mg/g. Kinetic data followed pseudo-
second-order model (R? = 0.9996). Langmuir isotherm provided better fit than Freundlich, indicating monolayer
adsorption. Thermodynamic analysis revealed spontaneous (AG® < 0) and endothermic (AH® > 0) adsorption with positive
entropy change. The HAP-Cs-Glu composite demonstrates excellent potential as an eco-friendly adsorbent for CR
removal from contaminated water.
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1. Introduction

The level of contaminants has increased over the past few decades
as a result of industrial growth, and liquid waste containing pollutants
like dyes has become a critical consequence for living creatures [,
Over 10,000 species of commercial dyes and amounts of 7 x 10° tonnes
are produced yearly 31, used in many industries, for example, textiles,
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paper/pulp, polyamide fiber, dyeing wool, pharmaceuticals, cosmetics, leather, plastics, and food industries >
81, Congo red is an acidic azo dye that contains two —~N=N- groups as chromophores and (-SOsH) as acidic
auxochromes, which link to benzene structures °!. The complicated aromatic structure, thermal, optical, and
physicochemical stability features of CR make it resistant to photo and biodegradation ['*!!]. Those substances
are poisonous because they involve aromatic rings, which cause cancer, allergies, mutations, and skin irritation
12131 - Also, they affect aquatic ecosystems by banning sunlight from being permitted through water and
affecting photosynthesis in plants, thereby causing serious aesthetic and environmental problems !4, leading
to severe issues in aquatic ecosystems by shrinking the concentration of dissolved oxygen [!3). Therefore,
treating these contaminants in the water is essential for organisms. There are many chemical, physical, and
biological methods to deal with such pollutants such as chemical oxidation [°!, photocatalytic degradation 17,
coagulation—flocculation process ¥l membrane filtration %), precipitation 2% adsorption ! and
microbiological treatment ??! and stimuli-responsive nano hydrogels ***. Among these various methods,
adsorption has great interest because it is eco-friendly, simple, inexpensive, highly efficient, and the adsorbent
can be reused ?*1. Several studies have conveyed that various adsorbents such as fly ash 2], red mud %, zeolite
(271 activated carbon %], leaf powder [*!, and nanosilica *% have been used to adsorb various azo dyes including
Congo red. Recently, hydroxyapatite emerged as an adsorbent for eliminating long-term contaminants due to
its efficiency, availability, non-toxicity, porous nature, stability, low cost, biocompatibility, and low water
solubility Y. Hydroxyapatite (HA) is an inorganic compound referred to calcium apatite, which is a member
of the apatite family. The expression of apatite describes a group of compounds that have similar structures
but not the same components B2%], HA has a certain composition, Cas(PO4)s3(OH), and is usually written as
Caio(PO4)s(OH)2 to show that the cell unit of hydroxyapatite crystal contains two entities ***%!. Hydroxyapatite
with low crystallinity has been synthesized by the precipitation method and used to improve the adsorption
process and efficient removal of heavy metal ions from wastewater in the Rosia Montana mine ¢, The
precipitation method combined with ultrasonication is an efficient procedure to prepare nano-hydroxyapatite
(nHAP) and could be implemented as an environmental substance for soil remediation and wastewater
treatment. The maximum adsorption capacity of nHAP to remove heavy metals such as copper, lead, cadmium,
and zinc ions is 272, 1352, 304, and 285 mg/g respectively 7!, The adsorption performance of chitosan (Cs),
which is a naturally abundant basic polymer produced from shrimp chitin, has improved through combination
with nano-hydroxyapatite to eliminate cadmium ions from water. In contrast to pure Cs, the CS/n-HAP bio-
composite demonstrated a higher capacity for Cd(Il) adsorption under optimal conditions. The experimental
maximum adsorption capacity reached 128.65 mg/g, which is roughly double that of pure Cs (67.5 mg/g) *%.
In a separate study, a hydroxyapatite/chitosan nanocomposite was applied for the removal of brilliant green
(BG) dye from water % The results showed the composite is an active adsorbent and the adsorption is
endothermic and spontaneous. The adsorption capacity of chitosan-modified hydroxyapatite composite was
greater than pure hydroxyapatite or pure chitosan, reaching 769 mg/g for removing Congo red from aqueous
solution when the chitosan content was 50% [“°!. On the other hand, nano-calcium apatite synthesized through
the sol-gel method was a good adsorbent at ambient temperature to clean water from dyes such as Congo red.
At optimal conditions, the adsorption capacity at equilibrium (qm) for CR of 100 ppm was found to be 487.80
mg/g. Moreover, thermodynamic calculations demonstrated that the adsorption was spontaneous, exothermic,
and physisorption-based !, Although hydroxyapatite and chitosan have been extensively investigated
individually and as binary composites for dye removal, the functionalization of hydroxyapatite with both
chitosan and glutamic acid (HAP-Cs-Glu) for Congo red adsorption remains largely unexplored. The
incorporation of glutamic acid introduces additional carboxyl and amino functional groups, which are expected
to enhance the adsorption capacity through increased electrostatic interactions with anionic dye molecules.
The HAP-Cs-Glu composite offers several advantages: (i) biocompatibility and non-toxicity inherited from all
three components, (ii) enhanced surface functionality due to multiple active groups (hydroxyl, amino, carboxyl,
and phosphate), (iii) improved adsorption capacity through synergistic effects, and (iv) eco-friendly nature
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suitable for sustainable water treatment. In this study, HAP functionalized with chitosan—glutamic amino acid
composite (HAP-Cs-Glu) will be prepared and utilized to remove Congo red dye pollutants from water. Also,
many parameters that may affect adsorption will be investigated like contact time, pH, adsorbent dosage (HAP-
Cs-Glu), initial concentration of adsorbate (Congo red), and temperature. Furthermore, Langmuir and
Freundlich models will be studied using experimental data. The objectives of this study are: (1) to synthesize
a novel HAP-Cs-Glu nanocomposite via chemical precipitation method; (2) to characterize the synthesized
material using XRD, FESEM, TEM, BET, and FTIR techniques; (3) to evaluate the adsorption performance
for Congo red removal under various experimental conditions; (4) to investigate the adsorption kinetics,
isotherms, and thermodynamics; and (5) to assess the potential of HAP-Cs-Glu as an efficient adsorbent for
industrial wastewater treatment.

2. Materials and methods

2.1. Materials

Calcium chloride, disodium phosphate, ammonium acetate, chitosan, L-glutamic acid, and Congo red
dye were purchased from Hangzhou Hyper Chemicals Limited, Hangzhou, China. Ammonium hydroxide 32%
and hydrochloric acid (35-38%) were obtained from Alpha chemika and sodium hydroxide from Fluka. All
reagents were utilized without any additional purification. Deionized water is used to prepare all solutions.

2.2. Preparation of solid adsorbent

Hydroxyapatite functionalized by chitosan and glutamic amino acid particles (HAP-Cs-Glu) was
synthesized by chemical precipitation according to the previous procedure ? with some modifications. Briefly,
100 mL of 60 mM disodium phosphate Na-HPO. was prepared in deionized water and added after adjusting
the pH to 10 by ammonium hydroxide to 20 mL of 0.2 M of glutamic acid was prepared in 1.3 M of ammonium
acetate CHsCOONHea4 solution at 80 °C, pH 10 drop by drop. Then 100 mL of 100 mM calcium chloride CaCl.
was prepared in deionized water and mixed after adjusted pH=10 with 20 mL of 2% chitosan (dissolved in 1%
acetic acid solution). The final solution after adjusted pH=10 added to the glutamic solution drop by drop. The
precipitation (HAP-Cs-Glu) was aged at pH=10, temperature 80°C with continuous stirring for 5 h. The (HAP-
Cs-Glu) particles were recaptured by centrifugation at speed (4,000 rpm) for 10 minutes and washed three
times with deionized water and three times with ethyl alcohol. Finally, those particles were dried in an oven at
37°C for 24 hours until constant weight was achieved, then collected in a sealed container, and stored in a
desiccator for further studies. This procedure was repeated to prepare pure hydroxyapatite.
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Figure 1. Schematic diagram of the HAP—Cs—Glu composite synthesis via chemical precipitation.
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2.3. Characterization techniques
2.3.1. X-ray diffraction (XRD)

X-ray diffraction (PW1730 model, Phillips Company, Netherlands) was used to analyze the materials'
crystal structure. Data were gathered using Cu Ka radiation (wave length=1.5406A°) with a 2theta range of
10.28°to 79.98° at a step size of 0.05°. Debye Scherrer's equation was used to get the average crystal size (Dyy;)
of the particles from the XRD model [*!:

Dipya=0.94 1/ (cos 0 ) (Byy) (1)

Where k is constant and chosen to be 0.94 depending on the crystal nature, A represents the wavelength of
copper alpha radiation Cu Ko (1.54060 A), By, 1s the full width at the half maximum (FWHM) in radian and

0 refers to the diffraction angle of plane hkl.
2.3.2. Electronic microscopy analysis (FESEM/TEM)

The samples' surface morphology and the average of particle’s size were examined with a (type Inspect
F50, Fei company, Netherlands) field emission scanning electron microscope (FESEM). A Transmission
Electron Microscope (TEM) (Zeiss-EM10C-100 KV model, Germany) was used to examine the microstructure
of the produced composite.

2.3.3. Surface area estimation

The specific mean surface area of sample was found utilizing (BET) Brunauer, Emmett, and Teller
instrument (BELSORP MINI II, BEL, Jaban) at 77K based on N, gas adsorption /desorption isotherms.

2.3.4. Fourier transform - infrared spectroscopy

The Bruker-Tensor 27 IR spectrometer was used to affirm the functionalization of HA with chitosan and
amino acid (glutamic). Also, it is used to prove the adsorption of CR dye on the prepared composite surface.

2.4. Adsorption studies

All experiments have been carried out by dissolving Congo red (CR) in deionized water. In every
procedure, the diluted fresh solution has been implemented. The adsorption procedures were conducted in 250
ml glass beakers with 50 ml of Congo red solutions mixed with an appropriate amount of adsorbent and
agitated using a magnetic stirrer at a constant speed of 200 rpm. After reaching the adsorption equilibrium, the
adsorbent was separated from the supernatant by using a centrifuge device (centrifuge 80-1, China) for Smin
at 4000 rpm. The residue CR concentration was measured utilizing a T90+ UV-Visible spectrometer (PG
Instruments Ltd) at a wavelength 499 nm. Data analysis and curve fitting were performed using OriginPro
2021 software (OriginLab Corporation, USA). Linear regression analysis was used to determine kinetic and
isotherm parameters, with correlation coefficients (R?) calculated to evaluate the goodness of fit. Some
parameters that affect the CR adsorption process onto the (HAP-Cs-Glu) composite have been studied, such
as contact time, amount of adsorbent, pH, temperature, and initial CR concentration. In the first study, the
range of contact time was 15-75 minutes. The dose of the HAP-Cs-Glu varied in scope from 0.03-0.15g. The
variation of temperature (T) was in the range of 40-60 °C, while the initial CR concentration (C,) was
diversified in range (200-600) mg/L. The initial pH of CR solutions ranged from 3-9 was adjusting by a few
drops of 0.IM NaOH or 0.IM HCI solutions. The removal efficiency of CR dye, and the adsorbed
concentration at the equilibrium, . (mg/g) were calculated respectively. The percentage of dye removal and
the quantity of adsorbed dye were calculated by the following mathematical expressions 41,

RE%:[CO—CC
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Where Cy and C. are the initial and residue concentrations of CR dye in solution (mg /L) at equilibrium
respectively, V is the volume of dye solution (L), and m is the amount of HAP-Cs-Glu composite (g). After
adsorption, the color of CR drastically decreased, indicating that the HAP-Cs-Glu particles fully adsorb it from
the relevant solution (Figure 2). A few tests were conducted to assess the adsorption kinetics of CR.

Y
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Figure 2. Evidence of CR adsorption

3. Results and discussion

3.1. X-ray diffraction

The XRD pattern of the synthesized HAP-Cs-Glu composite is presented in Figure 3. The diffraction
peaks observed at 20 values of 25.51°, 31.55°, 39.41°, 49.45°, and 63.67° correspond to the (002), (211), (310),
(213), and (502) crystallographic planes of hydroxyapatite, respectively. These peaks are in excellent
agreement with the standard hydroxyapatite diffraction pattern (JCPDS Card No. 09-432), confirming the
successful formation of the hydroxyapatite phase #3461,
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Figure 3. XRD for (HAP-Cs-Glu) composite

Because the powder is quite fine, the XRD style exhibits a significant degree of peak broadening 4’1, Peak
broadening may also be a signal that the substance contains nanosized crystals 48], All of the peaks have low,



wide intensities, which suggests low crystallinity. Based on the Debye-Scherrer formula and the FWHM of
the peaks, the average size of HAP-Cs-Glu crystals is around 12.27 nm.

3.2. Electronic microscopies (FESEM/TEM)

Electronic microscopies (FESEM/TEM) were used to examine the size and shape of the synthesized
composite particles and the shape of the crystals. The results demonstrated that HAP-Cs-glu particles formed
as spherical surfaces, and have a lot of grooves. The mean size of the particles was roughly 45.77nm, made up
of needle-like nanocrystals as exhibited in Figure 4. The powder particles look strongly agglomerated in the
FESEM micrographs, most likely due to their nanometric size [*°). Furthermore, the crosslinked long chain of
Cs may have contributed to the HAp nanoparticles' apparent aggregation .

Figure 4. Electronic microscopy images of (HAP-Cs-Glu) composite a) FESEM at a scale 500 nm b) SEM at a scale 5 pm and ¢) TEM
at a scale 150 nm

3.3. BET analysis

The N2 adsorption-desorption assessments at a temperature of 77K for the synthesized composite were
examined using the BET method. The calculated surface area (as), total pore volume and average pore diameter
of the synthesized composite (HAP-Cs-Glu) were 58.958 m?/g, 0.5538 cm?®/g, and 37.572 nm, respectively.



3.4. FT-IR analysis

The functional groups of prepared HA and HAP-Cs-Glu are illustrated in Figure 5. The sharp stretching
band of HA at 3568 cm!, which seems to be a shoulder, belongs to the free OH stretch that may exist at the
crystallite's surfacess. A broad, strong peak -centered around 3424 ¢cm™ and a small broad peak at roughly 1645
can be attributed to the adsorbed H,O on the HA surfacel’!. Additionally, the strong, sharp bands of HA at
1032.87, 962.16, 603.70, 565.00, and 472.23 are assigned to the P-O bonds of PO4> groups **%3. The last
bands of HA (PO4~ bands) appear in the prepared composite with a shift to low wavelength. The strong and
broad band that centered at 3446.02 cm™! belongs to the OH and NH; from Cs %, overlapping with the OH of
adsorbed water and the structural OH of HA, while the band at 2925.65 cm™! is due to the C-H streching. The
broad band centered at 1640.33 cm™ is assigned to the adsorbed water (OH bending vibration) overlapping
with amide I (C=0) and amide II (NH) of Cs. Moreover, the strong two signals that are located at 1456.11 and
1421.24 ¢cm™ in composite due to symmetric vibration modes of NH3*and COO™ respectively [*2. All
mentioned above refer to the formation of the HAP-Cs-Glu composite successfully.
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Figure 5. FT-IR for prepared HA and HAP-Cs-Glu.

3.5. Adsorption studies

3.5.1. Contact Time's effect and the adsorption Kinetics

The effect of contact time on the CR adsorption on the HAP-Cs-Glu surface is displayed in Figure 6. It
was found that as the contact period increased from (15-75) minutes, the adsorption of CR dye on the prepared
composite increased considerably. It is clear that the elimination of CR started out quite quickly (within 30
minutes) and then slowed down till equilibrium. This behavior is due to the available active sites at the first
stages, after 30 min, and when the process reaches a fixed stage, all the active sites will be occupied with CR
1551 In general, it was found that 45 minutes of contact time was enough to guarantee that this adsorbent hit
saturation in its CR sorption capability.
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Figure 6. Effect of contact time on the CR adsorption capacity

The kinetics of CR adsorption on the (HAP-Cs-Glu) composite are displayed in Figure 7. Plotting t/qt
versus t using the linear version of the pseudo-second-order kinetic model allowed for the investigation of the
rate of CR adsorption. Equation (4) was used to evaluate the second-order constants (k and ge) for composite
156 which are mentioned in Table 1.

t 1 t

q, kq? q,

(4)

q: and qe refer to the quantities of CR adsorbed on HAP-Cs-Glu (mg/g) at time t and equilibrium,
respectively. k; represents the rate constant (g/mg min) of the pseudo-second order adsorption kinetics.
Pseudo-second order kinetics are confirmed by a linear plot of t/qt vs. t, where the values of q. and k; are calculated from
the slope and the intercept respectively. Remarkably, the experimental results were perfectly fitted by the pseudo-second

order kinetic model, where the estimated equilibrium sorption and the observed sorption closely matched.
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Figure 7. pseudo-second order kinetic model for CR adsorption on the surface of HAP-Cs-Glu (Co= 300 mg/L, adsorbent dose=0.05
g and natural pH).

Table 1. The parameters derived from applying the pseudo-second order equation (Eq. (4)) to fit the sorption data of CR onto (HAP-
Cs-Glu) composite. R represents the linear plot's regression coefficient.

adsorbent k2 (g/mg min) qe (mg/g) R?




HAP-Cs-Glu 1.3280%10-3 303 0.9996

3.5.2. Adsorbent dosage's effect

In an effort to optimize the CR adsorption process using the HAP-Cs-Glu composite, Figure 8 shows the
results of an investigation on the impact of the HAP-Cs-Glu dose. As predictable, the CR adsorption %
increased quickly (71.74 to 98.68%) with increasing the HAP-Cs-Glu dosage (0.03 to 0.15 g), due to expanding
the number of adsorption sites accessible for the CR removal. Remarkably, a CR removal efficiency of 98.68%
could be attained using 0.15 g of HAP-Cs-Glu. In contrast, the CR adsorption capacity to the HAP-Cs-Glu
dose falls because adding more quantity of adsorbent results in reducing the unsaturation of adsorption
locations, and then the number of these sites per unit mass goes down 78], Therefore, the process should be
customized to use the least quantity of HAP-Cs-Glu dose while achieving the best removal effectiveness for
CR. As a consequence, the amount of 0.03g of composite was chosen for further studies.
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Figure 8. Effect of HAP-Cs-Glu dose on the CR removal (Co=300 mg/L, solution volume=50 ml, contact time = 45min, and natural
pH)

3.5.3. The pH's effect

The pH range of 3 to 9 was used to investigate how pH affected the adsorption process of CR on HAP-
Cs-Glu surface. As shown in Figure 9, the pH can affect the adsorption kinetics and adsorption capacity of
dye on adsorbent solid surfaces by altering the surface charges of the adsorbent, and CR molecules present at
various pH values ). The SOs groups of the CR dye (D-SOsNa) dissociate and transform into anions in
aqueous solution according to the following equation ©;

H,0

4N
D-SO;Na —_ > 5 D-SO, A

®)
Since, prepared composite contains amino groups (NH;) in both chitosan and glutamic acid, which can

be protonated in acidic medium by hydrogen ions (H") of the solution (!
n

R-NH, = *

K-INH
3 (6)
Therefore, the composite surface is expected to hold positive charges. Thus, at low pH, there is a

significantly strong electrostatic attractive between CR dye (negatively charged) and adsorbent’s surface
(positively charged) [62].

R'-NH3+ - UDU3' e K -IN 1‘13+ _03 SD

——

(7



On the other hand, the numbering of negatively charged positions rises and the numbering of positively
charged positions falls as the system’s pH increases. The electrostatic repulsion between the negatively charged
sites on the adsorbent surface and the dye anions may be one of the reasons for lower adsorption. Also, alkaline

pH leads to an increase in the number of OH, which compete with CR anions for active sites on the adsorbent
surface (],
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150
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Figure 9. Effect of pH on the CR removal (Co=300 mg/L, adsorbent dose= 0.03g, contact time 45min)

3.5.4. The initial concentration’s effect

The effect of initial dye concentration on the adsorption process was studied, using different dye
concentrations (200-600 ppm) with constant adsorbent weight. A gradual decrease in the removal percentage
was observed, accompanied by an increase in the adsorption efficiency values with increasing dye
concentration, as illustrated in Figure 10. This is because increasing the initial CR concentration causes the
concentration gradient's driving force to increase 14,
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Figure 10. Effect of initial concentration of CR on adsorption capacity at (adsorbent dose = 0.03g, pH =3, contact time = 45 min,
temperature=40°C).

The highest adsorption capacity (737.26 mg/g) was recorded at the highest concentration (600 mg/L). In
contrast, the removal efficiency was 73.726% for the composite at the same concentration, as the inverse
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relationship between the initial dye concentration and the removal efficiency. This behavior can be explained
through only a small number of dye molecules can be adsorbed by the active sites of adsorbent at low initial
dye concentrations. On the other hand, at high initial dye concentrations, the constant number of active sites
on the adsorbents cannot remove an increasing number of dye molecules; as a result, the percentage of dye
molecules that stay in the solution rises, reducing the removal of dye (6],

3.5.5. Effect of temperature

The adsorption of Congo red dye on the surface of (HAP-Cs-Glu) was studied at three temperatures (313,
323, and 333 K) and different concentrations (200-600 mg/L) with the weight of the adsorbent surface fixed
(0.03 g) and the contact time (45 min) for the composite. It is noted from Figure 11 that increasing the
temperature is accompanied by increasing the adsorption capacity, which indicates that the adsorption process
on the (HAP-Cs-Glu) surface is an endothermic process.
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Figure 11. Effect of Temperature on adsorption capacity of CR at (adsorbent dose = 0.03g, pH =3, Contact time = 45 min).

3.5.6. Calculation of thermodynamic functions

In order to investigate the viability of the adsorption process, the following mathematical formulas (8-10)
can be used to determine thermodynamic functions such as free energy (AG®), enthalpy (AH®), and entropy
(AS®) changes (6],

— Cae
K= ®)
AG°=-RTInK 9)
k=2 A5 10
"TTRT TR (10)

Where K is known as equilibrium constant, C. and Ca. refer to the residue CR concentration in solution and
the adsorbed CR concentration on the HACs-Glu surface, respectively, R represents the universal gas constant,
and its value is 8.314 kJ/mol. K, and T is the solution's absolute temperature in kelvin (K). The thermodynamic
parameters (AH® and AS®) can be obtained from the slopes and the intercepts of the Van’t Hoff equation (10)
by plotting InK against 1/T, as clarified in Figure 12.
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Figure 12. Estimation of thermodynamic functions from plotting InK against 1/T for CR adsorption on the prepared composite

Table 2 displayed the thermodynamic parameters that were collected. The adsorption procedure is
implied to be spontaneous by the negative AG values. At elevated temperatures, adsorption is more
spontaneous, as seen by the drop in AG values with increasing temperature [*”). Positive values of entropy
change and enthalpy change indicate that the adsorbed species' degree of freedom has increased, and an
adsorption procedure is endothermic (). These results are consistent with those of earlier research [,

Table 2. Thermodynamic functions for the CR adsorption onto the prepared composite surface.

AS°

Concentration of AH® (J/K.mol) AG* (kJ/ mol)
CR dye mg/L (kJ/mol) R?
T=313K T=323K T=333K
200 31.599 127.7 -8.1166 -10.2172 -10.6239 0.8011
300 3.712 38.13 -8.2333 -8.5924 -8.9959 0.9869
400 22.6348 82.70 -3.2605 -4.0770 -4.9093 0.9999
500 6.4445 32.720 -3.7765 -4.1739 -4.4260 0.9585
600 24.143 85.276 -2.6849 -3.1338 -4.4024 0.9067

3.5.7. Adsorption isotherms

Adsorption isotherms depict the relevance between the amount of the adsorbed dye (mg) per adsorbent
mass (g) and dye's concentration in the solution %, Langmuir and Freundlich isotherm models were utilized
to describe the adsorption of a variety of adsorbate concentrations to evaluate adsorption isotherms and their
capacity to correlate with experimental findings. Equation (11) of the Langmuir model assumes that a limited
number of active binding sites are uniformly distributed across a particular adsorbent surface [!!. These binding
sites possess the identical affinity to adsorb a monomolecular layer, and the adsorbed molecules do not interact
with one another 7],

c, 1 C,
+

9, Kibdpy Dpax

(11)
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C. represents the dyes' equilibrium concentration (mg/L), q. is the quantity of dye adsorbed per certain
quantity of adsorbent composite (mg/g), Kr is defined as Langmuir equilibrium constant (L/mg), and the
theoretical maximum capacity of adsorption (mg/g) is denoted by qmax. When Ce/qe is plotted versus Ce, as
exhibited in Figure 13 and the data undergoes linear regression. It is possible to compute the q. and Kp
constants using the slope and intercept.

0.25
. y=00013x+0.0191 ®40c
. 0" Re=09484
: y=0.0013x +0.0148 ®50¢
° . 2= 0.9647
5015 . y=0.0012x + 0.0134 @ goc
g 1= 0.9475
Y o1
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%
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C, (mg/L)

Figure 13. Langmuir isotherms for CR adsorption on HAP-Cs-Glu surface at various temperatures.

The key features of the Langmuir pattern can be described in expressions of the separation factor (Rr) %!
which is explained by
R 1
L1k, G

(12)

The isotherm type is indicated by the Ry value, which can be either irreversible (R = 0), favorable (0 <
Ry <1), linear (R = 1) or unfavorable (R. > 1) " | The Ry worth was determined to be 0.04-0.03 at different
temperatures, and these ensure that the isotherm of Langmuir was favorable for CR adsorption onto (HAP-Cs-
Glu) composite surface. Table 3 lists the characteristics of the Langmuir isotherm for the CR adsorption onto
the hydroxyapatite composite.

The Freundlich model, Eq. (13), is widely used to represent the adsorption properties of multilayer,
heterogeneous surfaces and active centers are distributed exponentially [°!. The following is its linearized
ion [76]
version V¢l

1
lnqe=;lnCe+ InKr (13)

The Freundlich constant, which determines adsorption capacity, is represented as Kr, and the favorability
constant for the adsorption process is denoted by 1/n. The adsorption procedure is favorable when 0 <n < 10
(5], The linear graph of Ing. against InC. as shown in Figure 14 is typically used to measure the values of n
and KFr utilizing both the slope and intercept, respectively. Table 3 lists the characteristics of the Freundlich
isotherm for the CR adsorption onto hydroxyapatite composite. Langmuir isotherm approach was found to be

better compared to Freundlich model when R? was examined against each other as shown in Table 3.
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Figure 14. Freundlich isotherms for CR adsorption on HAP-Cs-Glu surface at various temperatures.

Table 3. CR adsorption isotherm constants on hydroxyapatite composite under different temperatures.

Langmuir Freundlich
Temp (°C) Qmax Ku. R R? Kr n R?
40 769.230 0.06806 0.04055 0.9484 230.211 4.5558 0.7852
50 769.230 0.08783 0.03179 0.9647 252.876 4.6750 0.9076
60 833.333 0.08955 0.03120 0.9475 239.678 4.0633 0.9177

As shown in Table 4, the HAP-Cs-Glu composite exhibits superior adsorption capacity compared to
previously reported adsorbents, demonstrating the effectiveness of glutamic acid functionalization in
enhancing Congo red removal.

Table 4. Comparison of CR adsorption capacity of HAP-Cs-Glu with other adsorbents

Adsorbent Qmax (Mg/g) Reference
HAP-Cs-Glu (this work) 833.33 Present study
Chitosan-modified HAP 769.00 [39]

Nano-calcium apatite 487.80 [40]
Nano silica 3333 [29]
Fly-ash@ Fe304 153 (24]
Activated carbon 75.76 [27]

4. Conclusion

A novel HAP-Cs-Glu composite was successfully synthesized via chemical precipitation and
demonstrated excellent performance for Congo red dye removal from aqueous solutions. Characterization
confirmed the formation of nanocrystalline hydroxyapatite (12.27 nm crystal size) with spherical particle
morphology (45.77 nm), high surface area (58.958 m?*/g), and successful functionalization with chitosan and
glutamic acid. The adsorption process was highly pH-dependent, with maximum efficiency at pH 3 due to
electrostatic attraction between protonated amino groups (NH;") on the composite surface and anionic

14



sulfonate groups (SO3-) of CR molecules. Under optimum conditions (600 mg/L. CR, pH 3, 0.03 g adsorbent,
45 min, 60°C), the composite achieved a remarkable maximum adsorption capacity of 833.33 mg/g. The
adsorption kinetics followed the pseudo-second-order model (R? = 0.9996), suggesting chemisorption as the

rate-controlling step, while equilibrium data fitted best to the Langmuir isotherm, indicating monolayer

adsorption on a homogeneous surface. Thermodynamic parameters confirmed that the process was

spontaneous (AG® < 0), endothermic (AH® > 0), and accompanied by increased randomness (AS° > 0). These
findings demonstrate that HAP-Cs-Glu composite is a highly effective, eco-friendly, and promising adsorbent

for treating dye-contaminated industrial wastewater.
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