
Introduction

The global dye industry produces substantial 
amounts of colored effluents, resulting in considerable 
ecological impacts. Various industrial sectors, such as 
textile manufacturing, paper and pulp processing, dye 
synthesis, electroplating, distillation, and the production 
of rubber, plastics, leather, food, and pharmaceuticals, 
are responsible for the discharge of colored wastewater 
[1-4]. The release of these effluents into the environment 
raises issues owing to their intrinsic toxicity and the 

visual pollution they create in aquatic environments [5-7]. 
Azo dyes are notably resistant, non-biodegradable,  
and durable among the several types of dyes [8].

Numerous techniques have been established for 
extracting dyes from wastewater, including chemical 
oxidation, ion exchange, adsorption, ultrafiltration, 
photocatalysis, electrodialysis, coagulation-
flocculation, and catalytic degradation [9-12]. Among 
them, adsorption is acknowledged as a synergistic 
physicochemical technique that is both efficient and 
economical for removing dyes from aqueous solutions 
[13]. Dye removal processes rely heavily on a variety 
of natural adsorbents, including activated carbon, 
agricultural by-products such as corn husk, coniferous 
biomass, jute fiber, wheat shell, rice husk, bamboo dust, 
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Abstract

This study explores the feasibility of using camel bone-derived hydroxyapatite as a cost-effective 
adsorbent for removing methylene blue dye from aqueous solutions. The adsorbent was synthesized 
through calcination and characterized using BET, XRD, and TEM, confirming its crystalline structure 
and porous surface. Adsorption performance was evaluated under varying conditions, including contact 
time, adsorbent dosage, and dye concentration. The maximum adsorption capacity was found to be 
23 mg/g, following the Langmuir isotherm model (R² = 0.9894), confirming monolayer adsorption. 
Kinetic analysis indicated that the adsorption followed the pseudo-second-order model, with a rate 
constant of 0.0021 g/mg·min and an equilibrium adsorption capacity of 23.15 mg/g. Thermodynamic 
parameters revealed an endothermic process (ΔH = 16614J/mol) driven by entropy gain (ΔS° = 64 J/mol·K) 
and spontaneous adsorption as reflected by negative ΔG° values (-9826 J/mol to -12066 J/mol in the 
temperature range of 303-363 K). The material maintained high efficiency across multiple reuse 
cycles, with 98% removal efficiency at an optimized temperature of 50ºC, highlighting its potential for 
sustainable wastewater treatment applications.
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sugarcane by-products, zeolites, and carbonaceous 
materials derived from bituminous clays [14].

Within the framework of wastewater treatment, 
materials derived from animal bone have shown notable 
adsorptive capacity for both dyes and heavy metals 
[15]. Well-known for its environmental properties is 
hydroxyapatite (HAp), a naturally occurring mineral 
made of calcium apatite with the chemical formula 
Ca10(PO4)6(OH)2. It has several possible uses in 
removing pollutants and is non-toxic and biocompatible 
[16, 17]. This bioactive material can now be produced 
from biological waste or via economical chemical 
synthesis techniques due to advancements in materials 
science and nanotechnology. Because of its structural 
adaptability, thermal and chemical stability, and very 
low water solubility (Kps ≈ 10-59 at 25ºC), HAp is  
a powerful sorbent for a variety of inorganic pollutants. 
Mechanisms including surface complexation, ion 
exchange, and dissolution-precipitation are responsible 
for this effectiveness [18]. Barua et al. extracted 
hydroxyapatite from bovine bone debris and examined 
the bioactivity and biodegradability of the resultant 
bone scaffold [19]. 

Camel bones (CB), which are abundantly available 
in arid regions such as the Empty Quarter desert, 
represent a major source of biological waste. Their 
improper disposal not only contributes to environmental 
degradation but also poses public health risks due to 
bacterial proliferation from residual organic matter. 
Converting this waste into hydroxyapatite (HAp) 
provides a sustainable and eco-conscious approach to 
pollution mitigation. Unlike bovine, fish, or poultry 
bones, which have been more extensively studied, 
camel bone remains underexplored as a precursor 
for HAp synthesis. Its unique availability in desert 
climates makes it particularly attractive for localized 
wastewater treatment efforts. This study aims to fill 
that gap by synthesizing HAp from waste camel bone 
and evaluating its efficacy for methylene blue (MB) dye 
removal. The proposed approach contributes to both 
waste valorization and environmental remediation, 
offering a dual benefit of cost-effective dye removal and 
sustainable waste management.

Materials and Methods 

The methylene blue dye (C₁₆H₁₈ClN₃S) used in this 
study was purchased from Sigma-Aldrich (≥98% purity, 
USA) and used without further purification. Analytical-
grade sodium hydroxide (NaOH, 99% purity, Merck, 
Germany) and hydrochloric acid (HCl, 37% purity, 
Sigma-Aldrich, USA) were used for pH adjustment. 
Deionized water was used throughout all experiments.

Synthesis and Analysis of the Adsorbent

Waste camel bones were obtained from a local 
restaurant in Sharurah, Saudi Arabia, and used as the 

raw material for hydroxyapatite synthesis. The bones 
were first cleaned thoroughly using hot deionized water 
and then sun-dried for 24 hours before being oven-dried 
at 120ºC for 6 hours. The dried bones were subsequently 
calcined in a muffle furnace (Nabertherm GmbH, 
Germany) at temperatures ranging from 600 to 1100ºC 
for 3 hours at a heating rate of 10ºC/min.

Brunauer–Emmett–Teller (BET) Surface Area 
Analysis: The specific surface area, pore volume, 
and pore size distribution of the adsorbent were 
determined using a Micromeritics ASAP 2020 analyzer 
(Micromeritics Instrument Corp., USA).

X-Ray Diffraction (XRD) Analysis: The crystalline 
structure of the adsorbent was examined using an X-ray 
diffractometer (PANalytical X’Pert Pro, Netherlands) 
with Cu Kα radiation (λ = 1.5406 Å) at a scanning rate 
of 2º/min.

Transmission Electron Microscopy (TEM):  
The morphological characteristics and particle size were 
observed using a JEOL JEM-2100 (JEOL Ltd., Japan) 
operating at an accelerating voltage of 200 kV.

Fourier Transform Infrared Spectroscopy (FTIR): 
Functional groups were analyzed using an FTIR 
spectrometer (Thermo Scientific Nicolet iS50, USA) in 
the range of 4000-400 cm⁻¹.

Ultraviolet-Visible (UV-Vis) Spectroscopy: The 
concentration of methylene blue dye was determined 
using a UV-Vis spectrophotometer (Shimadzu UV-1800, 
Japan) at a wavelength of 670 nm.

pH Measurement: The solution pH was adjusted 
and monitored using a pH meter (Mettler Toledo 
SevenCompact S220, Switzerland).

Batch Adsorption Process 

The tests were conducted using a magnetic orbital 
shaker, with the contents placed in a 100 mL conical 
flask. The experiment was conducted in triplicate, 
yielding an average result. The effects of methylene 
blue concentration were examined within the range 
of 25 to 200 mg L−1, camel bone dosage from 0.25 to 
1 g, duration from 20 to 100 minutes, and solution pH 
from 2.0 to 7.0. In 25 mL of MB solution, 40 mg of 
the camel bone was added momentarily. The solution’s 
pH was adjusted to the desired value by adding 0.1 
M NaOH or HCl after equilibration on the orbital 
shaker. At various points in time, a certain quantity  
of MB was extracted and examined using an ultraviolet-
visible spectrophotometer set to 670 nm. Using the 
following relationship, the equilibrium quantity of 
MB adsorbed by the synthesized hydroxyapatite was 
calculated:

  (1)

Considering that C₀ and Cₑ (mg/L) represent the 
initial and equilibrium concentrations of methylene 
blue (MB), respectively, V denotes the solution volume 
in liters, and W refers to the mass of hydroxyapatite 
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used, measured in milligrams. The removal percentage 
(R%) of methylene blue (MB) was calculated using the 
following Equation:

  (2)

The adsorption experiments were methodically 
altered by modifying the initial concentration of 
methylene blue dye (from 5 ppm to 50 ppm), the quantity 
of adsorbent employed (from 0.2 g to 1 g), the solution 
pH (from 2 to 9), the reaction duration (30 minutes to 120 
minutes), and the temperature (between 33ºC and 80ºC) 
to determine the optimal conditions for dye elimination.

Results and Discussion

Adsorbent Characterizations

BET

Table 1 displays the average pore diameter, specific 
surface area, and specific pore volume of the catalyst 
samples calcined at varying temperatures. Using XRD 
(Fig. 1), it is evident that increasing the calcination 
temperature resulted in a loss of specific surface area 
among these materials. This may be related to the 
fact that the adsorbent materials calcined at higher 
temperatures have better crystalline order. In addition, 
compared to previous methods, the camel bone 
calcined at 1100oC exhibited a smaller pore diameter. 
Microporous materials exhibit the shown pore sizes.

XRD Analysis

XRD analysis confirmed the presence of 
characteristic basal peaks of hydroxyapatite in all 

materials calcined at different temperatures, indicating 
improved crystalline ordering [20].

TEM   

TEM analysis was used to examine the particle size of 
the hydroxyapatite catalyst, revealing irregularly shaped 
grains with an average size ranging from approximately 
1.2 nm to 10 µm. The adsorbent particles did not exhibit 
a clearly defined hexagonal shape, consistent with the 
XRD results, likely due to agglomeration in certain 
regions (Fig. 2).

Effect of Initial Methylene Blue Dye Concentration

The adsorption capacity of adsorbent 
nanocomposites is significantly influenced by the initial 
dye concentration. The adsorption behavior of the 
methylene blue dye was investigated in a concentration 
range of 30 mg/L to 100 mg/L at 50°C, with the 
adsorbent concentration maintained at 0.75 g for  
60 minutes, as illustrated in Fig. 3. The nanocomposite’s 
adsorption capability correlated positively with larger 
initial methylene blue dye concentrations due to  

Table 1. BET analysis of the camel bone catalyst subjected to 
various calcination temperatures.

Hydroxyapatite 
(camel bone) 

calcined at a range 
of calcination 
temperatures

Surface 
area (m²/g)

 Size of 
Pore (nm)

Volume 
of Pore 
(cm3/g)

700 19.6 6.8 0.067

900 15.7 2.99 0.023

1100 15.5 2.29 0.019

Fig. 1. XRD analysis of hydroxyapatite catalysts synthesized from waste camel bone and calcined at varying temperatures.
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the increased mass transfer driving force. Higher dye 
concentrations (100 mg/L) mark a saturation point  
in adsorption capacity, therefore showing the saturation 
of the accessible adsorption sites on the nanocomposite. 
A similar adsorption ability of activated palm ash 
against acid dye was found in a previous study. [21, 22].

Effect of Adsorbent Dosage 

The impact of hydroxyapatite nanocomposite dose on 
methylene blue dye removal was investigated by varying 
the dosage from 0.25 g to 1 g at 50°C for 60 minutes while 
maintaining a constant dye concentration (50 mg/L). 
The dose of the hydroxyapatite nanocomposite greatly 
influences the effectiveness of dye removal. Fig. 4 
illustrates how adsorption experiments reveal that the 
proportion of methylene blue dye removal increases 
with rising adsorbent doses, which can be attributed to 
the availability of greater adsorption sites and a higher 
adsorbent surface area. This effect is most apparent at 
lower concentrations; however, it gradually diminishes 
as the dosage increases from 0.25 to 1 g. At higher 
dosages (1 g), the adsorbent particles may aggregate, 
resulting in a decrease in effective surface area and a 

decrease in adsorption capacity [23, 24]. This behavior 
has been observed in a variety of sorbate and sorbent 
combinations. Initially, the adsorbent has access 
to all of the dye’s interaction sites. The number of 
unoccupied interaction sites in the dye decreases and 
ultimately reaches saturation as the concentration of 
hydroxyapatite in the solution increases. The reduction 
of qe from 192 mg/g to 49 mg/g with an increase in 
adsorbent dosage from 0.25 g to 1 g was attributable to 
the competition between adsorption and the separation 
induced by the concentration gradient. One explanation 
is that increasing the adsorbent dosage will prevent the 
adsorption process from saturating adsorption sites at a 
given methylene blue dye concentration and volume [15, 
17]. Simultaneously, the adsorbent’s particle aggregation 
would result in a decrease in its capacity as it increases 
the diffusional path length and decreases the total 
surface area. 

Effect of Reaction Time

Fig. 5 illustrates the correlation between methylene 
blue adsorption capacity and time, as well as between 
methylene blue adsorption efficiency and time. As seen 

Fig. 2. TEM image of calcined hydroxyapatite derived from waste camel bone.

Fig. 3. Adsorption capacity of camel bone-derived hydroxyapatite at varying initial methylene blue concentrations.
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Effect of Reaction Temperature

Temperature is an important component that affects 
the adsorption process, as it controls the diffusion rate 
of adsorbate molecules and the adsorbent’s equilibrium 
capacity [26]. Fig. 6 shows the adsorption of methylene 
blue dye with the hydroxyapatite nanocomposite at 
temperatures ranging from 30°C to 90°C. The adsorbent 
dose, initial dye concentration, and solution pH were 
maintained at 0.75 g, 50 mg/L, and 10, respectively. 
The findings indicate that optimum adsorption (98%) is 
achieved at 50°C, after which a decrease in adsorption 
effectiveness is seen. The first rise in adsorption with 
temperature may be explained by the dye molecules’ 
increased kinetic energy and a possible swelling effect 
within the internal structure of the nanocomposite, 
which allows the dye molecules to penetrate deeper 
[27]. Reduced adsorption might nevertheless arise from 
weakening adsorptive interactions between the active 

in Fig. 5, MB’s adsorption capacity and efficiency 
increased with time. The camel bone MB adsorption 
process is divided into two phases: the first reaction step, 
extending from the 1st to the 30th minute, followed by the 
subsequent stage. Surface adsorption was the primary 
mechanism of the first-stage reaction, which enhanced 
adsorption efficiency and capacity while also speeding 
up the adsorption process [21, 25]. The adsorption 
process occurred at a somewhat moderate pace, with 
gradual adsorption dominating the second stage of the 
reaction. It took 90 to 120 minutes to progressively 
attain equilibrium. Because of the mesoporous material’s 
strong mass transfer driving force in the early stages of 
adsorption and its availability of active sites, MB may 
be easily absorbed by the camel bone. Over time, MB 
builds up on the surface of the camel bone, causing 
nonlinear adsorption that reduces the number of active 
sites and impairs MB mobility. 

Fig. 4. Effect of adsorbent dose on methylene blue removal. 

Fig. 5. Effect of reaction time on methylene blue removal.
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sites on the nanocomposite and the dye at temperatures 
above 50ºC.

To evaluate the practical relevance of camel bone-
derived HAp, its adsorption efficiency was compared 
with other adsorbents reported in the literature. As 
shown in Table 2, the maximum monolayer adsorption 
capacity of camel bone-HAp for methylene blue (MB) 
was 23 mg/g, which is comparable to bovine bone-
derived HAp in other studies.

The production of hydroxyapatite from camel bone 
waste offers significant environmental and economic 
advantages for wastewater treatment. The sustainability 
benefit lies in diverting biowaste from landfills, reducing 
methane emissions, and transforming a waste stream 
into a functional, reusable material for water treatment. 
This positions camel bone-derived HAp as not only 
a technically effective adsorbent but also a viable 
solution for localized, low-cost wastewater treatment 
infrastructure.

Adsorption Isotherms

The adsorption process of MB solution onto 
hydroxyapatite was modeled by fitting the adsorption 
data to the Langmuir and the Freundlich isotherm 
models [28]. The Langmuir and Freundlich isothermal 

Equations are as follows: 

  (3)

  (4)

Where qe denotes the adsorption capacity at 
equilibrium (mg/g) and Ce represents the equilibrium 
concentration (mg/L); where b is the Langmuir constant 
related to adsorption capacity (mg/g), while qmax 
represents the maximum adsorption capacity (mg/g); 
where n denotes the adsorption intensity, and Kf is the 
Freundlich constant (L/mg).

The Ce/qe vs. Ce plot, as shown in Fig. 7a), was 
used to determine the Langmuir isotherm parameters, 
which produced correlation coefficients (R2) of 
0.9894. These coefficients confirm that the Langmuir 
model is appropriate for the adsorption system under 
investigation. With matching Langmuir constants 
of 0.07 L/mg, the calculated monolayer adsorption 
capacities were 23 mg/g (see Table 2).

A dimensionless equilibrium factor (RL) can be 
used to express the fundamental characteristics of the 

Fig. 6. Effect of reaction temperature on methylene blue removal.

Table 2. Comparison of the adsorption capacity of camel bone with other adsorbents.

Adsorbent Type Source Material q (mg/g) Reference

Camel bone HAp Camel bone waste 23 This study

Bovine bone HAp Bovine bone 18-22 [28]

Fishbone HAp Fish bone waste 19.4 [29]

Eggshell-derived HAp Eggshells 17-20 [4]

Biochar (sugarcane bagasse) Agro waste 12-25 [30]

Zeolites Natural minerals 10-25 [31]
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Langmuir isotherm. The definition of this parameter is 
as follows: 

  (5)

where Ci is the initial concentration of methylene blue 
dye, and the RL value indicates whether the adsorption 
is unfavorable: RL>1; linear: RL = 1; favorable:  
0< RL<1; or irreversible: RL = 0. The Langmuir isotherm 
was confirmed as the best model for describing the 
adsorption of methylene blue, as RL was found to be 
less than 1.

The adsorbate also influences them when n is 
between 1 and 10 (1/n is less than 1). Adsorption is 
believed to be enhanced by n values ranging from 1 to 
10, with n>1 being the most common [29], elucidating 
the distribution of active sites on the surface or any 
other factor that leads to a reduction in the adsorbent-
adsorbate interaction as surface density rises. The values 
of Kf and n were derived from the slope and intercept 
of the graph plotting ln Ce/qe versus ln Ce, as seen  
in Fig. 7b). With an R2 value of 0.8852, the Freundlich 
model produced a good match for the methylene blue dye 
adsorption. It was found that the obtained Freundlich 
constants were Kf = 2.3 and n = 4, as shown in Table 3.

The Langmuir model is clearly superior to the 
Freundlich model based on the correlation coefficients; 
therefore, the adsorption process is initially a single-
layer adsorption process. The Freundlich isotherm 
model describes the heterogeneity factor and adsorption 
intensity; the anticipated heterogeneity increases with 
decreasing 1/n.

Adsorption Kinetics 

When assessing the mechanism and effectiveness 
of the sorption process, understanding the physical 
or chemical interactions between the adsorbent and 
adsorbate is crucial. Adsorption kinetics provide 

Fig. 7. Linear fits of the adsorption of methylene blue on camel bone predicted by various isotherm models. a) Langmuir b) Freundlich.

 Table 3. Parameters of Langmuir and Freundlich isotherms  
of MB.

Isotherm 
model Evaluated parameters of isotherms

Langmuir
qmax (mg/g) b (L/mg) R2

23 0.07 0.9894

Freundlich
n Kf R2

4 2.3 0.8852
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essential details about these interactions. The kinetic 
process was described using pseudo-first-order and 
pseudo-second-order models independently in order 
to investigate the mechanism of methylene blue dye 
adsorption on hydroxyapatite. The linear form of the 
pseudo-first-order model is expressed as follows, as it 
was initially proposed:

  (6)

Where k1 is the pseudo-first-order rate constant 
(min⁻¹), qt represents the adsorption capacity at time 
t (mg/g), and qe denotes the adsorption capacity at 
equilibrium (mg/g).

The pseudo-second-order kinetics model can be 
expressed in its linearized form as follows:

  (7)

Where qe and qt (mg/g) indicate the equilibrium 
and time-dependent adsorption capacities, respectively, 
while k2 (g/mg min) represents the rate constant of the 
pseudo-second-order kinetics. 

Based on the calculated experimental adsorption 
capacity (qe) of 23.0 mg/g, a comparative analysis 
was performed between the pseudo-first-order and 
pseudo-second-order kinetic models to determine the 
best fit for the adsorption process of methylene blue 
onto camel bone-derived adsorbent. The theoretical qe 
value predicted by the pseudo-first-order model was 
approximately 16 mg/g, which significantly deviates 
from the experimentally obtained value, indicating  
a poor fit for the adsorption kinetics (Table 4). 
Conversely, the pseudo-second-order model yielded 
a theoretical qe value of 23.15 mg/g, closely matching 
the experimental value of 23.0 mg/g. The high degree 
of correlation between these values suggests that the 
adsorption process follows a pseudo-second-order 
kinetic mechanism. Furthermore, the linear regression 
analysis for the pseudo-second-order plot demonstrated 
a high determination coefficient R2, further confirming 
the model’s applicability. This close agreement suggests 
that the adsorption of MB onto camel bone HAp is not 
a purely physical interaction (e.g., van der Waals forces) 
but rather governed by chemical adsorption mechanisms. 
Specifically, hydroxyapatite surfaces are known to 
have active calcium (Ca²⁺) and phosphate (PO₄³⁻) 
groups, which can interact with cationic dye molecules 

Fig. 8. a) Pseudo-first-order and b) Pseudo-second-order kinetic models.
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such as MB through ion exchange, where cationic 
dye molecules may partially replace Ca²⁺ ions on the 
HAp surface; electrostatic attraction, as the negatively 
charged phosphate groups on the HAp surface attract 
the positively charged MB; and hydrogen bonding and 
surface complexation, where MB functional groups (e.g., 
amines or sulfur-containing moieties) form chemical 
interactions with surface hydroxyl (-OH) or phosphate 
groups. Thus, the pseudo-second-order model not only 
fits the data statistically but also reflects the underlying 
chemisorptive nature of the adsorption process between 
MB and camel bone-derived Hap [32].

Thermodynamic Study

The following formula was used to determine 
thermodynamic factors, including the change in 
Gibb’s free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°). The following is the expression for the 
ΔG°: The following formula was used to determine 
thermodynamic factors such as the change in Gibb’s 
free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°). 
The following is the expression for the ΔG°:

  (8)

  (9)

where ∆H° displays the variation in enthalpy having 
unit kJ/mol and ∆S° is the alteration in entropy having 
unit J/mol K (Table 5). 

The thermodynamic parameters for the adsorption 
process were determined using the Van’t Hoff Equation. 
The calculated enthalpy change (ΔH°) was 16614 kJ/mol, 
indicating that the adsorption process is endothermic, as 
energy is absorbed during the adsorption of methylene 

blue onto the adsorbent. A positive value suggests that 
adsorption is facilitated by an increase in temperature. 
The entropy change (ΔS°) was found to be 64 J/mol·K, 
indicating enhanced randomness at the solid-liquid 
interface throughout the adsorption process. This 
increase may be attributed to the displacement of water 
molecules from the adsorbent surface by methylene blue 
molecules, enhancing the disorder in the system [32, 33].

The Gibbs free energy changes (ΔG°) at different 
temperatures were negative, ranging from -9826.0 J/mol 
at 303 K to -12066.0 J/mol at 363 K. The negative 
ΔG° values confirm that the adsorption process is 
spontaneous under the studied temperature range. 
Furthermore, the decreasing trend in ΔG° with increasing 
temperature indicates that the process becomes more 
thermodynamically favorable at higher temperatures, 
supporting the endothermic nature suggested by the 
positive ΔH° value. Overall, the thermodynamic analysis 
reveals that the adsorption of methylene blue onto the 
adsorbent is a spontaneous, endothermic process driven 
by enthalpy contribution, making the adsorption more 
efficient at elevated temperatures.

Conclusions

In conclusion, this study successfully demonstrated 
the potential of camel bone-derived hydroxyapatite as an 
environmentally sustainable and efficient adsorbent for 
removing methylene blue dye from aqueous solutions. 
The adsorbent was prepared through a straightforward 
and eco-friendly process involving calcination and 
characterization, yielding a material with favorable 
structural and adsorption properties. The adsorption 
performance was evaluated through batch experiments, 
which explored the effects of critical parameters 
including adsorbent dosage, contact time, initial dye 
concentration, and temperature. The adsorption process 
followed the pseudo-second-order kinetic model with  
a high correlation coefficient (R² = 0.99). The equilibrium 
data were best fitted to the Langmuir isotherm model, 
confirming monolayer adsorption. Thermodynamic 
analysis revealed that the adsorption process was 
endothermic (ΔH° = 16.61 kJ/mol), indicating that  
the adsorption efficiency increased with temperature. 
The positive entropy change (ΔS° = 64.35 J/mol·K) 
suggested increased randomness at the solid-liquid 
interface, while the negative Gibbs free energy 
values (ΔG°) confirmed the spontaneous nature of  

Table 4. Kinetic parameters and correlation coefficients for MB adsorption on camel bone. 

Pseudo-first-order Pseudo-second-order Experimental qe

qe, cal. (mg/g) 16 qe, cal. (mg/g) 23.15 mg/g 23 (mg/g)

K1 (min-1) -0.001 K2 (min-1) 2.04

R2 0.98 R2 0.9925

Table 5. Thermodynamic parameters for MB adsorption on 
camel dung. 

T (K) ∆G° (J/mol) ∆H° (J/mol) ∆S° (J/mol.k)

303 -9826

16614 64
323 -11362

343 -12036

363 -12066



Raiedhah A. Alsaiari10

the adsorption process. Overall, the results demonstrate 
that camel bone-derived hydroxyapatite is a cost-
effective and sustainable adsorbent with promising 
potential for wastewater treatment applications. 
Its effective adsorption capacity, coupled with 
environmental sustainability, positions it as a valuable 
alternative for removing dyes and other pollutants from 
contaminated water sources.

Future research should investigate the adsorbent’s 
capacity to remove other classes of dyes, including 
anionic and azo dyes, as well as heavy metal ions and 
pharmaceutical contaminants. Moreover, the long-term 
stability and regeneration potential of the material over 
many reuse cycles need to be systematically evaluated 
to ensure durability. Another important direction is to 
assess the material’s performance under real wastewater 
conditions, including complex matrices and competing 
ions. Pilot-scale or semi-industrial trials could provide 
practical insights into scalability and cost efficiency in 
real-world applications. These future directions will help 
expand the applicability of this low-cost, sustainable 
material and reinforce its potential as a viable solution 
for decentralized and eco-friendly wastewater treatment, 
particularly in arid and semi-arid regions where camel 
bone waste is readily available.
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