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Article Info  Abstract 

Article History: 
 The growing problem of pharmaceutical contamination poses a significant 

challenge to the protection of water resources. Tamoxifen, a widely used 
anticarcinogenic drug, is one of the pharmaceutical residues found in wastewater 
and poses serious environmental risks. In this study, chemically synthesized 
hydroxyapatite (HAP) was used as an adsorbent to remove tamoxifen from 
aqueous solutions. The synthesized HAP was thoroughly characterized by BET 
surface area analysis, SEM-EDX imaging and FTIR spectroscopy. A systematic 
evaluation of key adsorption parameters was carried out to determine the most 
effective conditions for tamoxifen removal. Experiments were performed by 
varying parameters such as initial tamoxifen concentration (20-70 μg/mL), 
solution pH (2-10), adsorbent dosage (20-50 mg per 50 mL solution), contact time 
(0-240 min) and temperature (298-318 K). The equilibrium state of the adsorption 
process was analyzed using Langmuir and Freundlich isotherm models. Pseudo-
first and pseudo-second order kinetic models were used to determine the rate of 
the process. Thermodynamic properties were also calculated to provide 
information on the nature of the process. A maximum removal efficiency of 
90.85% was obtained under optimum conditions of initial concentration 40 
μg/mL, adsorbent dosage 40 mg, contact time 180 min and pH 7. Notably, the 
pseudo-second-order kinetic model (R²: 0.9997) and the Langmuir isotherm 
model (R²: 0.9994) exhibited the closest alignment with the experimental data. 
Thermodynamic studies have shown that the adsorption was a by itself (ΔG<0), 
exothermic (ΔH<0) process, accompanied by an increase in system disorder 
(ΔS>0). Consequently, this research underscores the viability of HAP as an 
economical and ecologically sound approach for remediating wastewater 
contaminated with pharmaceuticals.  
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1. Introduction 

Pharmaceutical compounds are chemicals widely used in the prevention, treatment, and diagnosis 
of diseases. However, through the pharmaceutical industry, hospital wastes, and domestic sewage, 
these compounds enter water resources and pose significant threats to the environment [1,2]. 
These chemicals damage the aquatic ecosystem and cause persistent pollution, leading to the 
development of resistant microorganisms and resistance genes. Moreover, due to their difficult 
biodegradation, these compounds are easily transported between water, soil, and living organisms 
and negatively affect human and animal health [3].  

Tamoxifen, a powerful antiestrogen, is extensively utilized, particularly in the initial treatment and 
recurrence of breast cancer. Studies on its environmental effects reveal that this compound can 
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negatively impact the reproductive abilities of aquatic organisms. It has been shown to disrupt 
vitellogenin levels in both female and male species, with generational impacts on their offspring 
[4]. Tamoxifen has been detected in varying concentrations in hospital wastewater, sewage, and 
surface waters [5–10], posing significant risks to aquatic ecosystems due to its toxicity, endocrine-
disrupting properties, and bioaccumulation potential [11]. These findings highlight the importance 
of non-biological removal methods as an effective solution to eliminate tamoxifen from aquatic 
environments and prevent its atmospheric release. Nevertheless, research on the application of 
non-biological techniques for tamoxifen removal remains limited [12–16]. Therefore, further 
comprehensive studies are essential to explore alternative approaches for removing this anticancer 
drug from wastewater. 

Pharmaceutical pollutants represent a significant threat to both ecosystems and human health due 
to their high-water solubility, persistence, and toxic characteristics [17,18]. To address this issue, 
various treatment methods have been developed, including biodegradation [19], advanced 
oxidation processes [20], photo-Fenton reactions [21], electro-Fenton systems [22], ozonation, 
membrane technologies [24], and adsorption techniques [25–27]. Among these, adsorption stands 
out as a particularly effective option, valued for its simplicity, high efficiency, and cost-
effectiveness, especially in the removal of pharmaceutical compounds. In addition to traditional 
adsorbents like activated carbon, graphene oxide, zeolite, and clay, hydroxyapatite (HAP) has 
gained attention as an alternative due to its high adsorption capacity and biocompatibility. 
Adsorption is a versatile and promising technique, relying on the physical or chemical interaction 
of contaminants with the surface of the adsorbent. Compared to other methods, adsorption not only 
avoids the production of highly toxic by-products but also offers an efficient, low-cost solution for 
removing pharmaceutical compounds from wastewater [28–32]. 

Hydroxyapatite (HAP) has proven to be a highly effective adsorbent due to its unique properties. 
As a calcium phosphate compound with the chemical formula Ca10(PO4)6(OH)2. HAP is widely 
recognized as a primary mineral component of bones and teeth. This remarkable material exhibits 
excellent biocompatibility, bioactivity, osteoconductivity, affinity, and nontoxicity. Its chemical and 
structural resemblance to the mineral constituents of human bones and teeth has made it a subject 
of extensive research over the years [33–37]. 

HAP's ability to accommodate a wide range of anionic and cationic substituents makes it versatile 
for various applications. It is commonly utilized in fields such as nanomedicine, drug and gene 
delivery, ion conduction, catalysis, biosensing, and tissue engineering. HAP can be obtained either 
synthetically or from natural sources, with numerous synthesis techniques documented in the 
literature. Synthetic HAP can be produced through a variety of methods, including dry processes 
(solid-state and mechanochemical synthesis), wet processes (chemical precipitation, hydrolysis, 
sol-gel, hydrothermal, emulsion, and sonochemical methods), and high-temperature techniques 
(combustion and pyrolysis) [38]. These diverse approaches enhance HAP's adaptability for specific 
applications, solidifying its importance across multiple scientific and industrial domains. 

In this study, hydroxyapatite (HAP) adsorbents were synthesized using the sol-gel method and 
subsequently characterized. The potential of HAP for removing tamoxifen from wastewater was 
systematically evaluated. Adsorption kinetics were analyzed using pseudo-first-order and pseudo-
second-order models, while adsorption equilibrium was studied through Langmuir and Freundlich 
isotherm models. Additionally, thermodynamic parameters were determined at 20, 30, and 40 °C 
to understand the nature of the adsorption process. To the best of our knowledge, this is the first 
report on the synthesis of HAP as an adsorbent and its application for the removal of 
pharmaceutical contaminants from aqueous solutions. 

2. Materials and Methods 

2.1. Tools, Chemicals and Materials 

Tamoxifen levels in aqueous solutions were determined using an Agilent 1260 HPLC system (USA) 
with a UV detector and Chemstation software. pH measurements were taken with a Mettler-Toledo 
pH meter (Switzerland) using a glass electrode. All experiments utilized ultrapure water produced 
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by a Merck-Millipore Milli-Q system (USA), characterized by a conductivity below 0.05 µS/cm and 
a pH of 6.98, generated through reverse osmosis. Adsorption studies were performed in a WITEG 
WSB-30 shaking water bath (Germany) to maintain consistent experimental conditions. 

Chemicals used included: ammonium phosphate dibasic ((NH4)2HPO4, ≥99.0%), calcium nitrate 
tetrahydrate (Ca(NO3)2·4H2O, ≥99.0%), sodium hydroxide (NaOH, 98%), hydrochloric acid (HCl, 
37%), orthophosphoric acid (H3PO4, 85%), and potassium dihydrogen phosphate (KH2PO4, 
≥99.0%). All chemicals were procured from Sigma-Aldrich Chemie (Istanbul, Turkey) and used as 
received. Tamoxifen (CAS No. 10540-29-01, C26H29NO, 99%) was purchased from Sigma-Aldrich 
Chemistry, and tamoxifen tablets (20 mg) were obtained from a local pharmacy in Afyonkarahisar, 
Turkey. Deionized water was used for all aqueous solutions, with pH adjustments made using HCl 
and NaOH to achieve the desired experimental conditions. 

     2.2. Hydroxyapatite (HAP) Synthesis 

Natural bone consists of approximately 60 wt% amorphous or crystallized HAP, with a theoretical 
calcium-to-phosphorus (Ca/P) molar ratio of 1.67. This ratio was carefully considered during the 
synthesis of HAP via the sol-gel method. The synthesis began by dissolving 8.20 g of calcium nitrate 
tetrahydrate in 50 mL of ethanol. Simultaneously, 2.38 g of diammonium hydrogen orthophosphate 
was dissolved in 50 mL of double-distilled water. Both solutions were stirred continuously with a 
magnetic stirrer at 70 °C for 4 hours to ensure uniformity. After preparation, the solutions were 
allowed to hydrolyze for 24 hours. Subsequently, the diammonium hydrogen orthophosphate 
solution was gradually added to the calcium nitrate solution at a rate of 5 mL/min while stirring 
continuously at 36 °C for 4 hours to facilitate the reaction. The pH of the resulting mixture was 
adjusted to 7.4 using an ammonia solution. 

In this supersaturated melt solution, nucleation occurs as the ions cluster and grow to a valid size. 
The crystals grow successively to form HAP, ranging in size from a few nanometers to 0.3 µm. Grain 
growth in solution is dependent on concentration, time and temperature. As the formed HAP 
particles are covered with pore and film water, drying in an oven at 70 °C for four hours and 
sintering at 800 °C for one hour causes crystallization and grain growth.  The removal of water by 
sintering causes the formation of heterogeneously grown crystals with a porous interconnected 
network as a result of the transformation into polycrystalline by the formation of an intergranular 
neck. The presence of impurities in the solution are factors affecting the formation and growth rate 
of the nucleus. The final product was stored in a sealed glass jar to preserve its integrity for 
subsequent adsorption studies. 

    2.3. Characterization Methods 

To analyze the characteristics of the synthesized HAP, several techniques were used. Fourier 
Transform Infrared Spectroscopy (FTIR, Perkin Elmer) identified the surface functional groups. 
Brunauer-Emmett-Teller (BET) analysis, performed on a Micromeritics Gemini VII 5.03 system, 
determined the specific surface area and pore structure. Scanning Electron Microscopy (SEM, Zeiss 
Sigma 300) revealed the surface morphology, and Energy Dispersive X-ray (EDX) spectroscopy 
provided elemental composition data. 

2.4. Determination of Zero Charge Point (pHpzc) of HAP Adsorbent 

The pHpzc of HAP was determined by the salt addition technique. 1 liter of 0.1 M NaCl solution was 
prepared, and 50 mL volumes were taken into six different volumetric flasks; each of these volumes 
was transferred to 250 mL bottles. The initial pH value (pHi) of each volume was adjusted stepwise 
from 2 to 12 using 0.1 M hydrochloric acid (HCl) or 0.1 M sodium hydroxide (NaOH). Then, 0.050 g 
of HAP was added to each flask, and the mixtures were agitated at 25 °C and 170 rpm for 24 hours. 
After filtration, the final pH (pHf) of each filtrate was measured. A graph of pHi versus pHf was 
plotted, and the pHpzc was determined as the intersection point of the two curves [39]. 

      2.5. Batch Adsorption Experiments 

This study examined the effectiveness of utilizing HAP adsorbent to remove tamoxifen from 
aqueous solutions. The first step involved carefully weighing 50 mg of tamoxifen into a 100 mL 
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beaker, adding 40 mL of ultrapure water, and letting it dissolve. After the solution was moved to a 
100 mL volumetric flask, water was added to finish the volume. A stock solution containing 500 mg 
mL-1 of tamoxifen was made. For five minutes, the stock solution was sonicated in an ultrasonic 
bath. 50 mL tamoxifen solutions in 250 mL capped Erlenmeyer flasks were used for the adsorption 
tests. The effects of variables such pH, adsorbent dosage, starting concentration, and temperature 
on the effectiveness of tamoxifen removal were assessed in adsorption experiments. To achieve the 
required concentrations for the set of tests, the stock solution was diluted. The solutions were 
shaken at 170 rpm in a thermostatic water bath after the pH levels had been adjusted and the 
appropriate quantity of HAP adsorbent had been added. A 0.22 µm membrane syringe filter was 
used to filter the samples, and an HPLC equipment was used to measure the amount of tamoxifen 
in the filtrates. 

By adjusting pH between 2 and 10 while maintaining constant values for all other parameters, the 
impact of pH on the effectiveness of tamoxifen elimination was examined. Solutions of 0.1 N HCl or 
0.1 N NaOH were used to alter the pH. Next, at the pH that provided the best clearance, the impact 
of various HAP dosages, ranging from 20 to 50 mg, on adsorption efficiency was assessed. 
Additionally, while holding other factors constant, the impact of temperature (293–313 K) and 
starting tamoxifen concentration (20–70 mg L-1) on the removal efficiency was examined. A 
methodical assessment of the variables influencing adsorption efficiency was made possible by the 
triplicate execution of each experiment and the reporting of the average results. Equations 1 and 2 
were used to determine the quantity of tamoxifen adsorbed per unit mass of HAP at a specific time 
t (qt) and equilibrium (qe): 

𝑞𝑡 = (𝐶o-Ct)V/w (1) 

𝑞𝑒 = (𝐶𝑜 − 𝐶𝑒)𝑉/𝑤 (2) 

Additionally, Equation 3 was used to determine the percentage of adsorbed tamoxifen: 

Adsorption(%) = (
𝑪𝒐−𝑪𝒆

𝑪𝒐
) 100 (3) 

Where w (g) is the mass of HAP, V (L) is the volume of the solution, Ce (mg L-1) is the equilibrium 
concentration, Ct (mg L-1) is the concentration at time t, and C₀ (mg L-1) is the initial concentration 
[40,41]. 

    2.6. Equilibrium Modeling of Tamoxifen Removal Process 

Adsorption isotherms are graphical representations that illustrate the relationship between the 
concentration of a substance in solution (adsorbate) and the amount of that substance adsorbed 
onto the surface of a material (adsorbent) at a constant temperature. These isotherms provide 
valuable insights into the nature of the interactions between the adsorbate and the adsorbent 
surface. In the context of this study, adsorption isotherms were used to model the interaction 
between tamoxifen and hydroxyapatite (HAP). By analyzing the equilibrium curves, researchers 
can understand how much tamoxifen is adsorbed onto the HAP surface at different concentrations, 
which is crucial for designing efficient adsorption systems. The Langmuir isotherm is a popular 
model that describes monolayer adsorption, where adsorbate molecules form a single layer on the 
adsorbent surface. It assumes that adsorption takes place at specific, identical sites on the surface, 
with each site accommodating only one adsorbate molecule. The linearized form of the Langmuir 
isotherm is given by Equation 4 [42]. By applying experimental data to this model, key parameters 
such as the maximum adsorption capacity (qmax) and the equilibrium constant (KL) can be 
determined. These parameters provide valuable information about the adsorption process and the 
interaction between tamoxifen and HAP. 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿
+ 𝐶𝑒/𝑞𝑚 (4) 

In this formula, qm stands for activated carbon's monolayer adsorption capacity (mg g-1) and KL 
for the Langmuir adsorption constant (L mg-1). The dimensionless separation factor (RL), which 
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shows if the adsorption procedure is feasible, can be used to assess the affinity between the 
adsorbent and the adsorbate. RL is computed using formula 5 as follows: 

𝑅𝐿 = 1/(1 + 𝐾𝐿𝐶𝑜) (5) 

In this context, CoCo denotes the initial concentration of the adsorbate in the solution (mg L⁻¹). The 
RL value provides insight into the adsorption isotherm: When RL=0, adsorption is irreversible; 
when 0<RL<1, the isotherm is favorable for adsorption; when RL=1, the isotherm is linear; and 
when RL>1, the isotherm is unfavorable. 

The Freundlich model differs from the Langmuir model in that it assumes the formation of multiple 
layers of adsorbate molecules on the adsorbent surface rather than a single homogeneous layer. 
This model is well-suited for describing adsorption on heterogeneous surfaces, where the 
adsorbent exhibits varying affinities for the adsorbate. The linearized form of the Freundlich 
isotherm model is represented by Equation 6 [43]: 

𝐼𝑛(𝑞𝑒) = 𝐼𝑛(𝐾𝐹) + (
1

𝑛
) 𝐼𝑛(𝐶𝑒) (6) 

In this equation, KF is the Freundlich constant (L mg-1) and n is a parameter indicating the 
suitability of the adsorption process. If n > 1, higher concentrations should facilitate adsorbate 
adsorption on the adsorbent. 

2.7. Kinetic Modeling of Tamoxifen Removal Process 

The batch adsorption data were interpreted using pseudo-first-order and pseudo-second-order 
kinetic models and the corresponding kinetic parameters were calculated. The pseudo-first-order 
model assumes that each molecule of the adsorbate adheres to a specific site on the adsorbent and 
determines the adsorption rate depending on the sorption capacity of the solid surface. The linear 
form of this model is expressed as in equation 2.7 below [44,45]: 

𝐼𝑛(𝑞𝑒 − 𝑞𝑡) = 𝐼𝑛(𝑞𝑒) − 𝑘1𝑡 (7) 

In this equation, k1 is the pseudo-first-order rate constant (min⁻¹), and qe and qt indicate the 
adsorption capacities at equilibrium and at a specific time t (mg g⁻¹), respectively. On the other 
hand, the pseudo-second-order model explains the adsorption kinetics in relation to the 
adsorbent's capacity and is expressed by Equation 8. 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2
+ (

1

𝑞𝑒
) 𝑡 (8) 

This formula uses t as the elapsed time, k2 as the pseudo-quadratic model's rate constant (g mg-1 
min-1), and qe and qt as the adsorption capacities at equilibrium (mg g-1). 

2.8. Thermodynamic Modeling of Tamoxifen Removal Process 

The spontaneity of the adsorption process and the impact of temperature on adsorption 
performance were assessed using thermodynamic metrics such as enthalpy (ΔH°), Gibbs free 
energy (ΔG°), and entropy (ΔS°) variations. Equation 9 [46] was used to determine the Gibbs free 
energy change (ΔG°): 

∆𝐺° = −𝑅𝑇 𝐼𝑛(𝐾𝑒)         (9) 

The equilibrium constant, Ke, is defined by equation 2.10, the universal gas constant, R, is 8.314 J 
mol-1 K-1, and T is the absolute temperature (K). 

𝐾𝑒 = (
𝑞𝑒

𝐶𝑒
) (10) 

Where Ce and qe are the equilibrium concentrations of tamoxifen in solution (mg L-1) and on the 
adsorbent (mg g-1), respectively. The relationship between ΔG°, ΔH° and ΔS° is expressed as follows 
11: 
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∆𝐺° = ∆𝐻° − 𝑇∆𝑆° (11) 

Rearranging this expression leads to a linear equation 2.12 that allows the calculation of 
thermodynamic parameters: 

𝐼𝑛(𝐾𝑒) = (
∆𝑆°

𝑅
) − (

∆𝐻°

𝑅𝑇
) (12) 

2.9. Quantification of Tamoxifen in Aqueous Solutions 

Using a 1260 Infinity LC system (Agilent, USA) and high-performance liquid chromatography 
(HPLC), the amount of tamoxifen in the solutions was determined. An ODS-3 C18 chromatographic 
column (250 × 4.6 mm, 5 μm) was used for separation, and a wavelength of 278 nm was used for 
detection. A mobile phase comprising a 50:50 (v/v) ratio of acetonitrile and 0.01 M KH2PO4 solution 
(pH:2, adjusted with phosphoric acid) was used to conduct the analysis under isocratic conditions. 
The injection volume was 5 μL, the flow rate was 1.0 mL min-1, and the column temperature was 
kept at 30 °C. 

3. Results and Discussion 

3.1. Characterization of HAP 

SEM, FTIR, and XRD analyses were used to describe the HAP samples. To examine the surface 
morphology of HAP, SEM was employed. Figures 1a and 1b display SEM pictures of HAP in the form 
of polycrystalline bonds. It had a porous structure that varied in size. The results of earlier research 
on HAP are in line with this extremely porous material [47]. The specific properties, morphology, 
porosity, pore size, surface area, polarity and stiffness of sol-gel obtained HAPs are largely 
dependent on the progress of the hydrolysis and condensation reactions and are also influenced by 
the choice of precursor, water-precursor molar ratio, solvent and co-solvent, pressure, 
temperature, ageing, drying and sintering conditions. 

 The structure of HAP was ascertained by FTIR analysis, and the resulting spectrum is shown in 
Figure 1d. The OH stretching vibrations of the surface P-OH groups were identified as the source of 
a faint signal at 3670 cm-1 in the FTIR spectrum. The stretching vibration of lattice OH ions is 
identified by a distinct band at 3572 cm-1. The overtone and combination bands of PO3-4 ions are 
shown by three bands at 2142, 2077, and 1989 cm-1. The OH-O bands of adsorbed water and the 
HAP of P-O attached to PO3-4 groups are characterized by low-intensity, poorly defined absorption 
bands in the 1080–1020 cm-1 area. Around 600–610 cm-1, there is a distinct peak that is indicative 
of the O-H vibrational mode. The CO2-3 groups are represented by the bands in the 1380–1580 cm-

1 range. PO3-4 is responsible for the bands at 900–1300 cm-1 [47]. 

Figure 2a shows the XRD image obtained from HAP samples. As seen intensely in the standard peak 
of HAP, the approximate 2θ angles of 100%, 63% and 52% peaks vary between ≈ 31-33o. The 
reflection planes from these angles are distributed in the region between (211) - (300) and (112) 
respectively. The identified planes were determined by reflection (diffraction) from the lattice 
parameters of the synthesized HAP samples. Unlike standard HAP, only very little β TCP and trace 
CaO phases were found. β TCP does not pose any disadvantage in terms of biocompatibility [48]. 
Nowadays, it has been found that compounds containing calcium phosphate ceramics with a 
mixture of HA and β TCP give much better results compared to single phase HAP and β TCP [49,50]. 
The presence of CaO phase may have been formed by the replacement of carbonate groups 
stabilized in the natural hydroxyl region with OH in the HAP structure [50]. It is seen that the phases 
obtained from the samples by XRD are very close to the standard phase and the degree of 
crystallization is quite high with the absence of unwanted phases and the peak intensities obtained 
are very strong. 
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(a) 

 

(b) 

 

(c) 
 

(d) 

Fig. 1. (a) and (b) SEM images of HAP at various magnification levels (A: 1 µm, B: 10 µm), (c) 

EDX image and elemental composition of HAP, and (d) FTIR spectrum of HAP 

 

(a) 

 

(b) 

Fig. 2. (a) XRD image of HAPand (b) pHPZC graph 

3.2. Determination of pHpzc of HAP 

The pHpzc signifies the pH where an adsorbent's surface carries a net neutral charge. This metric 
is crucial for interpreting electrostatic forces that govern interactions of the adsorbent and 
adsorbate at varying pH conditions. As depicted in Figure 2b, the pHpzc for HAP is 6.10. Below this 
pH, the surface of the adsorbent exhibits a positive charge, thereby enhancing its ability to attract 
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anions. Conversely, at pH levels exceeding the pHpzc, the surface acquires a negative charge, 
favoring the adsorption of cations [45]. This trend, where the surface charge transitions to negative 
above pH 6.10, aligns with the behavior observed in activated carbon, which also demonstrates a 
negative zeta potential under similar conditions. 

3.3. Effect of pH on Tamoxifen Removal Efficiency 

Five solutions with a concentration of 50 mg L-1 and pH values ranging from 2 to 10 were made in 
order to investigate the impact of pH on adsorption efficiency. Each sample was treated with 40 mg 
of weighed adsorbent. Following this procedure, the samples were kept in the mixer for three hours 
at a speed of 170 rpm and an ambient temperature of 25 oC. The HPLC system was used to evaluate 
the samples that were collected at the conclusion of the time. Figure 3a presents the findings. Figure 
3a in this investigation shows that tamoxifen adsorption rose when solution pH rose to a value of 
6. From pH 2 to pH 6, the elimination efficiency rose linearly, from 68.88% to 93.63%. The 
elimination efficiency then declined as the pH value dropped.  

3.4. Effect of Adsorbent Dose on Tamoxifen Removal Efficiency 

Six solutions with a concentration of 40 mg L-1 and pH 7 were prepared and the effect of the amount 
of adsorbent used on the efficiency of adsorption has been studied. Different amounts of adsorbents 
were weighed and added to each solution. The mixtures were shaken on a shaker at 170 rpm 
stirring speed and 25 °C ambient temperature for 120 min. Two milliliters of solution were drawn 
into the syringe and filtered into the HPLC vial using a syringe tip filter. Quantification analysis was 
performed on the HPLC system. Figure 3b shows the change in the adsorption efficiency of the 
amount of adsorbent with the amount of adsorbent. 

Figure 3b illustrates how the clearance efficiency of tamoxifen rises as the dosage amount does. 
The efficiency in the study, which began with a dose of 20 mg, was 82.90%. At a dose of 40 mg, the 
removal efficiency increased to about 92.05% by increasing the adsorbent dose. The improvement 
in removal efficiency can be considered linear up to a dose of 40 mg. The efficiency was determined 
to be 94.48% in the 50 mg dose study and 95.45% in the 60 mg dose research. The elimination 
efficiency did not significantly alter after 50 mg, and the graph kept moving horizontally. At 60 mg, 
the adsorbent dosage achieved 95.45% efficiency. Lastly, a dose of 70 mg produced an efficiency of 
95.55%. Although saturation was attained and the efficiency at 50 mg dose was 94.48%, Figure 2b 
shows that the ideal dose to use the least amount of adsorbent and attain an adsorption efficiency 
above 90% was 40 mg. 

3.5. Effect of Stirring Time on Tamoxifen Removal Efficiency 

30 mg of HAP adsorbent was added to tamoxifen solution at an initial concentration of 40 mg L-1 
with pH 7 at 25 °C, and the mixture was shaken at 170 rpm for 240 minutes in order to examine 
the impact of stirring duration on adsorption efficiency. An injector was used to sample 1 mL of the 
solution at predetermined intervals, filter it via a vial equipped with an injector tip filter, and then 
analyze it in an HPLC system. Figure 3c shows how the adsorption effectiveness changes with 
stirring time. 

Up to 30 minutes, the adsorption efficiency is shown to grow linearly with an increase in stirring 
time; beyond that, there is a minor increase in removal efficiency between 30 and 60 minutes, after 
which it becomes almost constant. The efficiency in the 30-minute contact time study was 65.63%. 
Contact time was 86.48% at 120 minutes, and equilibrium with a yield of 90.85% was established 
after 180 minutes. Consequently, 180 minutes was determined to be the ideal duration for the 
subsequent investigation and equilibrium adsorption kinetic modeling. As a consequence, 91.60% 
efficiency was attained after 240 minutes of equilibrium. These findings led to the conclusion that 
180 minutes was the ideal mixing period. 

3.6. Effect of Initial Tamoxifen Concentration on Removal Efficiency 

Tests were performed at pH 7, temperature 25 °C, stirring period 180 min, adsorbent amount 40 
mg in 50 mL, initial concentration 20-70 mg L-1, and to examine the impact of initial concentration 
on the elimination of tamoxifen. Based on the findings, it was concluded that the starting 
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concentration affected the adsorption of tamoxifen. The impact of the baseline tamoxifen 
concentration on the removal level is given in Figure 3d. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3. (a) pH's impact on the effectiveness of tamoxifen elimination, (b) The impact of asorbent 
dose on the effectiveness of tamoxifen elimination, (c) The impact of stirring duration on the 
effectiveness of tamoxifen elimination, and  (d) The impact of starting concentration on the 

effectiveness of tamoxifen elimination 

The elimination of tamoxifen changes with increasing concentration, as seen in Figure 3D. When 
the concentration was 20 mg L-1, the clearance efficiency was 82.90%; at 30 mg L-1, it was 88.05%; 
and at 40 mg L-1, it was 92.05%. In this concentration range, a notable improvement in removal 
efficiency was noted. At concentrations higher than the initial 40 mg L-1 concentration, no 
discernible improvement in removal efficiency was seen. The elimination efficiency was 94.48% at 
a concentration of 50 mg L-1, 95.45% at 150 mg L-1, and 95.55% at 70 mg L-1. This is to be expected 
as tamoxifen retention by the adsorbent diminishes with saturation. These findings led to the 
conclusion that 40 mg L-1 was the ideal starting concentration. 

3.7. Effect of Ambient Temperature on Tamoxifen Removal Efficiency 

To determine temperature impact on the adsorption process, the temperature was 25 °C, the 
stirring time was 180 min, the pH of the tamoxifen solution with a volume of 50 mL and an initial 
concentration of 40 mg L-1 was adjusted to 7.00 and 40 mg of adsorbent was added and experiments 
were carried out. Experimental studies were carried out at 25 °C, 35 °C and 45 °C. The effect of 
temperature on tamoxifen removal efficiency is presented in Figure 4. 

When Figure 4 is examined, it is observed that 90.85% efficiency was achieved at 25 °C. As the 
temperature increased, the efficiency gradually decreased, dropping to 78.98% at 45 °C. The 
findings reveal that an increase in temperature reduces adsorption efficiency, indicating that the 
process is exothermic. Furthermore, it was observed that an increase in temperature negatively 
affected diffusion within the adsorbent by lowering the solution viscosity. Compared with similar 
studies in the literature, it was found that the results of this study are consistent with the literature 
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and that the temperature increase similarly reduced efficiency. In light of all these evaluations, it is 
concluded that temperature variation affects the adsorption equilibrium capacity. 

 

Fig. 4. Effect of temperature on tamoxifen removal efficiency 

3.8. Adsorption Thermodynamics 

The adsorption process was analyzed thermodynamically by calculating the enthalpy (∆H), entropy 
(∆S), Gibbs free energy change (∆G), and equilibrium constant (K). Temperature was a critical 
factor in this study. Using 40 mg of adsorbent and a tamoxifen solution with a concentration of 40 
mg L⁻¹, trials were conducted at three temperatures (25 °C, 35 °C, and 45 °C) to investigate the 
impact of temperature on tamoxifen adsorption. The equilibrium constants (K) were determined 
for each temperature, and the corresponding ∆G values were derived. The ∆H and ∆S values were 
calculated using the slope of the linear relationship between 1/T and lnK. The resulting 
thermodynamic parameters for tamoxifen adsorption are presented in Table 1. 

Table 1. Thermodynamic parameters for tamoxifen adsorption 

Temperature (K) ΔG (J mol-1) ΔH (J mol-1) ΔS (J mol-1) 

298 -70.225 
 

-34.442 
 

107 
308 -71.298 
318 -72.371 

 

The standard free energy change (∆G) was negative across all temperature conditions, confirming 
that the adsorption process is spontaneous [47]. As illustrated in Table 2, the free energy change of 
adsorption becomes less negative with increasing temperature, suggesting that adsorption is more 
efficient at lower temperatures. In tamoxifen adsorption, higher temperatures reduced the 
adsorption efficiency. The negative ∆H value indicates that the process is exothermic, and the 
positive ∆S value points to an increase in system disorder during adsorption. 

    3.9. Adsorption Isotherms 

To elucidate the adsorption mechanism of tamoxifen onto HAP, the experimental results were 
subjected to analysis using both Langmuir and Freundlich isotherm models. The parameters 
derived from these models are compiled in Table 2. The accuracy of the models was assessed by 
their respective correlation coefficients (R²), revealing that the Langmuir model demonstrated a 
superior fit to the experimental data. The Langmuir model, which posits a monolayer and uniform 
adsorption process, proved to be more representative of the observed data. Conversely, the 
Freundlich model exhibited a poorer fit, reflected in a diminished R² value. The strong correlation 
coefficient (R² = 0.9994) obtained from the Langmuir model substantiates the notion that 
tamoxifen adsorption on HAP occurs as a monolayer, with the adsorbent possessing evenly 
distributed active sites and consistent binding interactions [48]. The maximum theoretical 
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adsorption capacity (qmax) determined by the Langmuir model serves as a crucial metric for 
designing methods for efficient adsorption for specific contaminants, and it is closely aligned with 
the experimentally determined equilibrium capacity values (Table 2). While the Freundlich model 
yielded comparatively lower R² values, the factor affecting heterogeneity (n) exceeded 1, signifying 
a favorable adsorption process [49]. Nevertheless, due to the diminished agreement between the 
experimental data and the Freundlich model, a lower R² value resulted. Furthermore, the RL 
constant, calculated to be 0.1930, indicated a strong adherence to this isotherm, as RL values within 
the range of 0 to 1 suggest favorable adsorption. Additionally, the elevated KL value, which signifies 
the affinity of tamoxifen for HAP, further reinforces the suitability of the Langmuir isotherm for the 
data [50]. 

Table 2. Important parameters of Langmuir and Freundlich isotherm models 

Langmuir isotherm model data Freundlich isotherm model data 

qmax (mg g-1) KL (mgL-1) R2 KF (mg g-1) n R2 

43.48 41.818 0.9994 31.00 5.17 0.7117 
 

3.10. Adsorption Kinetics 

To understand the rate of the adsorption process, PFO and PSO kinetic models were employed. The 
associated set of kinetic parameters and their correlation coefficients are detailed in Table 3. The 
PFO model implies that adsorption is governed by diffusion through a boundary layer, whereas the 
PSO model indicates that the main process is chemical adsorption. [51]. Upon examination of the 
data in the table, it becomes clear that tamoxifen adsorption aligns closer with the PSO model. This 
is proven by the higher correlation coefficient (R² = 0.9997) obtained for the PSO model compared 
to the PFO model (R² = 0.8660). Additionally, the experimentally observed adsorption capacity (qe 
= 45.80 mg g-1) closely matched the calculated capacity from the PSO model (qe = 47.62 mg g-1), 
further validating the PSO model's applicability. Consequently, it can be confidently stated that 
chemical adsorption is the predominant mechanism for tamoxifen adsorption onto the adsorbent 
surface.  

Table 3. Important parameters of the pseudo-first order (PFO) and pseudo-second order (PSO) 
models 

Pseudo-first-order kinetic model data Pseudo- second-order kinetic model data 

k1 (min -1) qe (mg g-1) R2 k2 (g mg-1 min-1) qe (mg g-1) R2 

0.0282 33.00 0.8660 0.0022 47.62 0.9997 

4. Discussion 

The results of this study show that hydroxyapatite (HAP) produced by the Sol-gel method can be 
used as a successful adsorbent for the effective removal of tamoxifen from synthetic wastewater. 
The optimum conditions obtained (40 μg/mL initial concentration, 25 °C temperature, pH 7, 40 mg 
HAP dose per 50 mL solution, and 180 min contact time) provided a high efficiency of 90.85% for 
tamoxifen removal. The high agreement of the measurement values with the Langmuir isotherm 
model (R²: 0.9994) indicates that adsorption occurs on monolayer and homogeneous surfaces. This 
suggests that the HAP surface has a monolayer structure capable of strong interactions with 
tamoxifen molecules. On the other hand, the fit of the pseudo-second-order kinetic model (R²: 
0.9997) indicates that chemical bonds are at the forefront in the adsorption process and HAP forms 
specific bonds with tamoxifen molecules. This finding suggests that the chemical properties of HAP 
may play an important role in the treatment of pharmaceutical compounds. 

Thermodynamic analyses showed that the adsorption of tamoxifen on HAP is a by itself (ΔG < 0), 
exothermic (ΔH < 0) process characterized by entropy increase (ΔS > 0). These results confirm that 
low temperatures increase tamoxifen removal and that the adsorption has an exothermic nature. 
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Since exothermic processes are more efficient at low temperatures, this result suggests that HAP 
can also reduce energy costs in the treatment of wastewater containing tamoxifen. This study 
makes an important contribution that tamoxifen should be removed with strong adsorbents such 
as HAPs due to its difficult biodegradation and high toxicity. Conventional methods often result in 
low efficiency and can produce toxic by-products. The high adsorption capacity, biocompatibility, 
low cost, and non-toxic nature of HAP make it an environmentally friendly option. In the studies 
available in the literature, tamoxifen is usually reported to be removed by adsorbents such as 
activated carbon; however, the high efficiency of HAP demonstrated in this study suggests that HAP 
may be an important alternative in this field. 

In conclusion, the high performance of HAP produced by the Sol-Gel method in tamoxifen removal 
confirms that this adsorbent offers a potential solution for the removal of pharmaceutical 
impurities. This study demonstrated that HAP is an effective approach for the treatment of difficult-
to-remove pharmaceutical contaminants such as tamoxifen, especially from the pharmaceutical 
industry and hospital wastewater. In the future, investigating the effects of HAP on other 
pharmaceutical compounds and environmental pollutants will provide important insights into how 
this method can be optimized in larger-scale applications. In this context, further studies testing 
the applicability of HAP in different wastewater matrices could further elucidate the potential of 
this adsorbent in industrial treatment processes. 
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