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Abstract: In this study, a novel geopolymer-based nephe-
line–cordierite composite was synthesized and evaluated as
an efficient adsorbent for the removal of cytotoxic tamoxifen
fromaqueous solutions. Themaximum removal efficiency of
96.08 % was achieved under optimal conditions: 40 mg/L
tamoxifen concentration, 80 mg adsorbent dose, pH 7,
150 min of contact time, and 298 K. Adsorption kinetics
were best described by the pseudo-second-order model
(R2 = 0.998), suggesting that chemisorption is the dominant
mechanism. Equilibrium data were best fitted to the Lang-
muir isotherm model (R2 = 0.996), indicating monolayer
adsorption on a homogeneous surface. Thermodynamic
parameters (ΔG° < 0, ΔH° = +48.267 kJ/mol, ΔS° = +174.568 J/
mol·K) revealed that the adsorption process is spontaneous
and endothermic. The pH at the point of zero charge (pHpzc)
was determined to be 7.03, supporting the effectiveness of
adsorption near neutral pH. Characterization of the adsor-
bent using BET, XRD, FTIR, and SEM analyses confirmed its
porous structure, high surface area, and functional groups
favorable for tamoxifen interaction. These findings suggest
that the synthesized geopolymer-based nepheline–cordi-
erite material is a promising, cost-effective, and environ-
mentally friendly adsorbent for removing pharmaceutical
contaminants from water.
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1 Introduction

Pharmaceutical residues increasingly contaminate water
bodies, posing a significant threat to environmental sus-
tainability and public health [1, 2]. These compounds, origi-
nating from industrial discharges, hospital effluents, and
domestic wastewater, persist in aquatic systems due to their
low biodegradability, leading to ecological disruptions and
health risks [3]. Their ability to migrate across environ-
mental compartments, such aswater and soil, amplifies their
impact by promoting the development of resistant micro-
organisms and genes, which can adversely affect ecosystems
and human well-being [3].

Tamoxifen, a critical antineoplastic agent used primar-
ily for breast cancer treatment and prevention of recur-
rence, presents notable environmental challenges. Far from
being a pesticide, this pharmaceutical compound disrupts
aquatic ecosystems by impairing reproductive processes in
aquatic organisms, altering vitellogenin levels across gen-
ders, with potential transgenerational effects [4]. Detected in
hospital effluents, sewage, and surface waters at varying
concentrations [5–10], tamoxifen’s toxicity, endocrine-
disrupting properties, and bioaccumulative nature under-
score the urgent need for effective removal strategies [11].
Despite its environmental significance, non-biological
methods for tamoxifen elimination remain underexplored,
necessitating innovative approaches to mitigate its release
into aquatic environments [12–16].

The high solubility, persistence, and toxicity of pharma-
ceutical pollutants demand robust treatment solutions to
safeguard ecosystems and human health [17, 18]. Various
techniques, including biodegradation [19], advanced oxida-
tion [20], photo-Fenton [21], electro-Fenton [22], ozonation
[23], membrane filtration [24], and adsorption [25–27], have
been developed to address these contaminants. Among these,
adsorption is favored for its simplicity, cost-effectiveness, high
efficiency, and minimal production of toxic by-products.
While conventional adsorbents like activated carbon [28, 29],
graphene oxide [30], zeolites [31], and clays [32] have been
widely utilized, geopolymers offer a promising alternative
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due to their high adsorption capacity, biocompatibility, and
eco-friendly properties, making them suitable for removing
pharmaceutical residues from wastewater.

Ceramic materials were selected for their adsorption
properties, the inclusion of Al2O3/SiO2 in the raw materials
chosen for geopolymer formation, their low cost and their
suitability for polymerisation. The adsorption properties of
ceramic structures were improved by increasing their sur-
face area and surface energy, as well as enhancing their
rheological properties. The applications of the geopolymer
method differ depending on the source of the geological raw
material, which determines the molecular structure and the
total Si:Al molar ratio of the activating alkali silicate [33, 34].
Depending on surface properties, it can be used in other
geopolymers. When the Si:Al molar ratio is 2, geopolymers
can be used to produce the advanced technology structures
necessary for storing radioactive waste. Studies conducted
in recent years have also investigated its use as an exhaust
filter, with successful results [35].

Geopolymers exhibit more active properties due to their
thermoset polymer structure, which is formed by poly-
condensation and increases their surface area. Geo-
polymerisation is an exothermic chemical process involving
the dissolution, transport and orientation of molecules, fol-
lowed by polycondensation (multiple condensation), all of
which occur in a highly alkaline environment.

The geopolymer adsorbent’s high adsorption capacity,
biocompatibility, low cost and non-toxic nature make it an
environmentally friendly option. While existing studies
have generally reported the removal of tamoxifen using
adsorbents such as activated carbon [36], alumina (Al2O3)
[37] and hydroxyapatite (HAP) [38], the high efficiency and
lower cost demonstrated by the geopolymer adsorbent in
this study suggest that it could be an important alternative in
this field.

This study specifically utilizes industrial by-products (fly
ash, boronwaste) and locally sourcedminerals to synthesize
a novel nepheline-cordierite based geopolymer, targeting a
cost-effective and sustainable adsorbent with a stable,
porous structure favorable for pharmaceutical adsorption.

2 Materials and methods

2.1 Materials

Tamoxifen concentrations in aqueous solutions were quanti-
fied using an Agilent 1260 HPLC system (USA) equipped
with an ultraviolet detector and Chemstation software.

Solution pH was measured with a Mettler-Toledo pH meter
(Switzerland) fitted with a glass electrode. Ultrapure water,
sourced from a Merck-Millipore Milli-Q purification system
(USA), was used throughout the experiments. Adsorption
studies were conducted in a WITEG WSB-30 thermostatic
shakingwater bath (Germany) to ensure controlled conditions.

Raw materials for geopolymer synthesis included met-
akaolin fromMEFISTO L05 Company, low-calcium F-type fly
ash from Kütahya Thermal Power Plant, boron waste clay
from Kırka and Emet Operations Directorate, andmagnesite
(MgCO3) and talc from Uşak Ceramic Factory. This specific
combination of raw materials was selected to promote the
formation of a nepheline-cordierite crystalline phase upon
sintering, which is anticipated to yield a mechanically stable
and highly porous adsorbent framework. Furthermore, the
use of industrial by-products (fly ash, boron waste) aligns
with the goals of waste valorization and sustainablematerial
development. Analytical-grade chemicals, used without
further purification, included sodium hydroxide (NaOH,
98 %), hydrochloric acid (HCl, 37 %), tamoxifen (C26H29NO,
99 %), orthophosphoric acid (H3PO4, 85 %), and potassium
dihydrogen phosphate (KH2PO4, ≥99.0 %), all procured from
Sigma-Aldrich Chemie (Istanbul, Turkey). Tamoxifen (CAS
No. 10540-29-1, C26H29NO, 99 %) and tamoxifen tablets
(20 mg) were obtained from Sigma-Aldrich Chemie and a
local pharmacy in Afyonkarahisar, respectively. Distilled
water was used to prepare all aqueous solutions, with
pH adjustments made using HCl and NaOH solutions.

2.2 Geopolymer synthesis

An alkaline mixture (6 M) was prepared by dissolving so-
dium hydroxide pellets in sodium silicate, as described in
[39]. This mixture was combined with a raw material blend
(5–30 µm particle size) formulated for the cordierite recipe
andmixed for 5 min. Subsequently, a foaming agent, calcium
stearate, and olive oil were incorporated into the geo-
polymer slurry (mud-like consistency) and mixed for an
additional 3 min. The resulting mixture was poured into
100 × 100 mm molds and cured in an oven at 70 °C for 24 h.
The porous geopolymer structure was then cured at room
temperature for 2 days, followed by sintering at 700 °C in an
oven. The experimental procedure is outlined in Figure 1.

2.3 Characterization methods

The geopolymer adsorbent was characterized to evaluate its
surface properties and structure. Fourier Transform Infrared
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Spectroscopy (FTIR, PerkinElmer) was used to identify func-
tional groups on thematerial’s surface, providing insights into
its chemical composition. The specific surface area and pore
structure were determined using Brunauer-Emmett-Teller
(BET) analysis with a Micromeritics Gemini VII 5.03 system,
enabling quantification of the adsorbent’s porosity and sur-
face area. Surface morphology was examined through Scan-
ning Electron Microscopy (SEM, Zeiss Sigma 300),
complemented by Energy-Dispersive X-ray (EDX) spectros-
copy to analyze the elemental composition of the geopolymer,
ensuring a comprehensive understanding of its structural
and chemical characteristics.

2.4 Determination of zero charge point
(pHpzc) of geopolymer adsorbent

The point of zero charge (pHpzc) of the geopolymer adsorbent
was determined using the salt addition method. A 0.1 M NaCl
solution was prepared and distributed in 50mL portions into
six 250mL flasks. The initial pH (pHi) of each solution was
adjusted to 2, 4, 6, 8, 10, or 12 using 0.1 MHCl or 0.1 MNaOH, as
required. Subsequently, 0.050 g of geopolymer adsorbent was
added to eachflask, and the solutionswere agitated at 170 rpm
and 25 °C for 24 h. After agitation, the solutions were filtered
throughwhite band filter paper, and the final pH values (pHf)
weremeasured using a pHmeter. The pHpzcwas determined
by plotting the initial pH (pHi) against the final pH (pHf) and
identifying the point of intersection, which represents the
pHpzc of the geopolymer adsorbent [40].

2.5 Batch adsorption experiments

The adsorption efficiency of tamoxifen from aqueous solu-
tions using a geopolymer adsorbent was investigated. A
stock solution of tamoxifen (500 mg L−1) was prepared by
accurately weighing 50 mg of tamoxifen into a 100 mL
beaker, dissolving it in 40 mL of ultrapure water, and
transferring it to a 1,000 mL volumetric flask, where the
volume was adjusted to the mark with ultrapure water. The
stock solution was sonicated in an ultrasonic bath for 5 min
to ensure complete dissolution. Adsorption experiments
were conducted using 50 mL tamoxifen solutions in 250 mL
capped Erlenmeyer flasks.

The effects of pH, adsorbent dose, initial tamoxifen
concentration, and temperature on adsorption efficiency
were systematically evaluated. The stock solution was
diluted to achieve the desired concentrations for each
experiment. After adjusting the pH, a specified amount of
geopolymer adsorbent was added to the solutions, which
were then agitated at 180 rpm in a thermostatic water bath.
Samples were filtered through a 0.22 µm membrane syringe
filter, and tamoxifen concentrations in the filtrates were
quantified using an HPLC system.

The influence of pH on tamoxifen removal efficiency
was studied by varying the pH from 4 to 10 while keeping
other parameters constant, with adjustments made using
0.1 N HCl or 0.1 N NaOH solutions. Subsequently, the effect of
adsorbent dose (20–100 mg per 50 mL solution) was assessed
at the optimal pH for maximum removal. Additionally, the
impact of initial tamoxifen concentration (10–60mg L−1) and

Figure 1: Flow diagram of geopolymer
preparation process.
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temperature (298–318 K) on removal efficiency was investi-
gated, with other variables held constant. All experiments
were performed in triplicate, and average results were re-
ported to ensure a robust evaluation of the factors affecting
adsorption efficiency. The amount of tamoxifen adsorbed
per unit mass of geopolymer adsorbent at time t (qt, mg g−1)
and at equilibrium (qe, mg g−1) was calculated using the
following equations:

qt = C0 − Ct( )V/w (1)

qe = C0 − Ce( )V/w (2)

In addition, the percentage of adsorbed tamoxifen was
calculated using the following formula:

Adsorpsiyon %( ) = C0 − Ce

C0
( )100 (3)

Where Ce (mg L−1) is the equilibrium concentration, Ct (mg
L−1) is the concentration at time t, C0 (mg L−1) is the initial
concentration,w (g) is the mass of jeopolimer adsorbent and
V (L) is the volume of the solution [41, 42].

2.6 Quantification of tamoxifen in aqueous
solutions

Tamoxifen concentrations in aqueous solutions were
determined using high-performance liquid chromatography
(HPLC) with an Agilent 1260 Infinity LC system (USA). Sepa-
ration was achieved on an ODS 3-C18 chromatographic col-
umn (250 × 4.6 mm, 5 µm), with detection at a wavelength of
278 nm. The analysis was conducted under isocratic condi-
tions using a mobile phase composed of 0.01 M KH2PO4 so-
lution (pH 2, adjusted with phosphoric acid) and acetonitrile
in a 50:50 (v/v) ratio. The column temperature was main-
tained at 30 °C, with a flow rate of 1.0 mLmin−1 and an in-
jection volume of 5 µL.

2.7 Izothermal modeling of tamoxifen
removal process

The adsorption behavior was analyzed by fitting the exper-
imental data to four isotherm models: Langmuir, Freund-
lich, Temkin, and Dubinin-Radushkevich (D-R). The
linearized forms of these models were used to determine
model parameters through linear regression. The Langmuir
model assumes monolayer adsorption on a homogeneous
surface, described by:

Ce/qe = 1/ qmax × KL( ) + Ce/qmax (4)

where (qmax) is the maximum adsorption capacity (mg/g)
and (KL) is the Langmuir constant (L/mg). The Freundlich
model, which describes adsorption on heterogeneous sur-
faces, is given by:

log qe( ) = log KF( ) + 1/n( ) × log Ce( ) (5)

where (KF) is the adsorption capacity (mg/g (L/mg)(1/n)) and
(n) is the adsorption intensity. The Temkin model, account-
ing for adsorbate-adsorbent interactions, is expressed as:

qe = RT/bT( ) × ln AT( ) + RT/bT( ) × ln Ce( ) (6)

where (AT) is the equilibrium binding constant (L/mg), (bT) is
related to the heat of adsorption (J/mol), (R) is the universal gas
constant (8.314 J/mol·K), and (T) is the temperature (K). The D-R
model, suitable for microporous adsorbents, is given by:

ln qe( ) = ln qm( ) ‐ KDR × ϵ2 (7)

where (qm) is the theoretical saturation capacity (mg/g),
(KDR) is a constant related to adsorption energy (mol2/J2),
and (ϵ = RT × ln(1 + 1/Ce). The mean free adsorption energy
(E ) was calculated as:

E = 1/ ̅̅̅̅̅
2KDR

√
(8)

The goodness of fit for each model was evaluated using
the coefficient of determination (R2), with higher values
indicating better agreement with experimental data.

2.8 Kinetic modeling of tamoxifen removal
process

Four kinetic models were applied to analyze the adsorption
mechanism: Pseudo-First-Order (PFO), Pseudo-Second-
Order (PSO), Elovich, and Intraparticle Diffusion (IPD). The
PFO model is expressed as:

ln qe − qt( ) = ln qe( ) − k1t (9)

where (k1) is the rate constant (min−1) and (qe) is the equi-
librium adsorption capacity (mg/g). The PSO model is given
by:

t/qt = 1/qe( )t + 1/ k2qe
2( ) (10)

where (k2) is the rate constant (g/mg·min). The Elovichmodel
is:

qt = 1/β( ) · ln t( ) + 1/β( ) · ln αβ( )( ) (11)

where (α) is the initial adsorption rate (mg/g·min) and (β) is
the desorption constant (g/mg). The IPD model is:

qt = kidt0.5 + C (12)
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where (kid) is the intraparticle diffusion rate constant (mg/g·
min0.5) and (C) is the intercept (mg/g). The IPD model was
analyzed in two segments: Segment 1 (t = 5 to 30 min) and
Segment 2 (t = 30 to 180 min), with (t = 30) included in both
segments.

Kinetic parameters were determined by linear regres-
sion using Python with the SciPy library. The goodness of fit
was evaluated using the coefficient of determination (R2).
Data points at (t = 0 and t = 180) were excluded for PFO and
Elovich models to avoid logarithmic issues, while (t = 0) was
excluded for IPD to avoid undefined values.

2.9 Thermodynamic modeling of tamoxifen
removal process

Thermodynamic parameters including enthalpy (ΔH°),
Gibbs free energy (ΔG°) and entropy (ΔS°) changes were
determined to evaluate the spontaneity of the adsorption
process and the effect of temperature on adsorption per-
formance. The Gibbs free energy change (ΔG°) was calcu-
lated using the following equation [43]:

ΔG° = −RTIn Ke( ) (13)

Here T represents the absolute temperature (K), R the uni-
versal gas constant (8.314 J mol−1 K−1) and Ke the equilibrium
constant and is defined as.

Ke = qe
Ce

( ) (14)

Here 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:

ΔG° = ΔH° − T Δ S° (15)

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

In Ke( ) = ΔS°
R

( ) − ΔH°
RT

( ) (16)

3 Results and discussion

3.1 Characterization of geopolymer
adsorbent

The geopolymer adsorbent samples were characterized
using scanning electron microscopy (SEM), Fourier

transform infrared spectroscopy (FTIR), and Brunauer-
Emmett-Teller (BET) analyses. SEM was employed to
investigate the surface morphology of the adsorbent.
Figure 2A–D illustrates the internal structures of the
samples at various magnifications and locations. The SEM
images in Figure 2A and B reveal a porous structure
with interconnected open and closed pores forming a
network. In contrast, the images in Figure 2C and D shows a
partially molten appearance, while still retaining a porous
structure with varying pore sizes. The high porosity con-
tributes to an increased surface area, enhancing the ad-
sorbent’s activity.

FTIR analysis was performed to determine the structure
of the geopolymer adsorbent and the spectrum obtained is
given in Figure 3A.

Figure 3A presents the FTIR spectra of both sintered and
unsintered geopolymer adsorbents. The primary peaks
observed between 1,000 and 600 cm−1 are attributed to
asymmetric vibrations of K–O–Si bonds (where K represents
Si or Al) [44, 45]. The peak at 970–800 cm−1 corresponds to
bending vibrations of Al–O–Si bonds, while the peak at
approximately 420 cm−1 is associated with Si–O–Si bending
vibrations [46]. In geopolymer compositions containing
organic surfactants, small fluctuations observed between
2,200 and 1,800 cm−1 reflect symmetric and asymmetric vi-
brations of CH2 groups, indicative of the organic surfactant
content [45].

Peak intensities vary depending on the concentration of
functional groups in the synthesized geopolymer. Wave-
length shifts in these peaks result from the incorporation of
different atoms into the gel matrix [47–50]. Broad and sharp
vibrational bands at 3,000 cm−1 and 1,650 cm−1 indicate H–O–
Hbond stretching and bending, respectively, associatedwith
water molecules trapped within the geopolymer pores or
structure. An increase in the H–O–H peak intensity suggests
greater pore enlargement, leading to a lower-density mate-
rial and reduced mechanical strength. In sintered samples,
these H–O–H bonds are absent, indicating their elimination
during sintering.

The peak intensities of functional groups in geo-
polymers may differ from those in denser geopolymer
counterparts. The chemical bonds observed in the FTIR
spectra alignwith themolecular structures identified in XRD
analysis, confirming proper activation of the geopolymer.
Increased peak intensity and shifts in wavelength, along
with a larger area under the peaks, indicate enhanced cross-
linking. Larger aluminosilicate polymer molecules with a
higher degree of polymerization contribute to improved
mechanical properties [50].

The pore surface area and volume distributions of sin-
tered and unsintered nepheline-based oxide minerals were
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analyzed using BET, with results presented in Figure 3B. The
curves reveal a generally bimodal pore distribution, with
variations in pore size between sintered and unsintered
samples. The sintered samples (denoted as Sample 1) exhibit
up to a 30 % reduction in pore surface area compared to the
unsintered samples (Sample 2). Sintering altered the pro-
portion of micro- and mesopores, while macropore sizes
remained largely unchanged. Figure 3B shows a decrease in
pore volume with sintering, with the reduction rate dimin-
ishing as pore size increases, indicating a slower decrease in
the volume of larger pores. The maximum pore size reached
0.31 µm (310 nm), with sintering leading to reduced
dispersion.

Pores formed during geopolymerization in unsintered
samples often cause cracking during drying. After an initial
24-h curing period at 70 °C, the geopolymer is cured at room
temperature, where drying-induced cracks persist during
sintering. This is a common issue in geopolymer foam ma-
terials, attributed to unequal evaporation rates between the
surface and the material’s volume. To mitigate this,

increasing pore size or enhancing material strength to
withstand evaporation stress is recommended.

XRD analysis was performed after sintering the porous
absorbent material formed by geopolymermethod at 700 °C.
Figure 4A shows the analysis peak graph. It is seen that Na
from the alkaline environment (Base and Glass water) to
form Nepheline/Cordierite is transformed into Nepheline.
The peaks of Nepheline and Cordierite (Mg andNa variables)
intersect in most places. Sodalite seen in the sintered sample
appears to be a different component of Sodium alumina
silicate. Apart from these phases, the residue appeared as
Quartz and Magnesite.

3.2 Determination of zero charge point
(pHpzc) of geopolymer adsorbent

The pHpzc is a critical property of a material like a geo-
polymer, as it describes the pH at which the material’s

Figure 2: SEM images of geopolymer adsorbent at different magnifications. (A) 50 X magnification (100 µm). (B) 50 X magnification (100 µm). (C) 500 KX
magnification (1 µm). (D) 200 KX magnification (1 µm).
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surface carries no net electrical charge. Here’s a detailed
interpretation:

Below pHpzc (pH < 7.03): At pH values lower than 7.03,
the geopolymer surface is positively charged. This is evident
from the positive ΔpH values (e.g., ΔpH = 1.62 at pH 2.10,
ΔpH = 2.65 at pH 3.99). The positive ΔpH indicates that the
final pH is higher than the initial pH, suggesting that the
geopolymer adsorbs H+ ions (or releases OH− ions), making
the solution less acidic. This occurs because the surface
protonates, acquiring a positive charge.

At pHpzc (pH ≈ 7.03): At this pH, the surface has no net
charge. The number of positive and negative charges on the
surface is balanced, so there is minimal interaction with H+

or OH− ions in the solution, resulting in ΔpH ≈ 0.
Above pHpzc (pH > 7.03): At pH values higher than 7.03,

the geopolymer surface is negatively charged. This is shown
by the negative ΔpH values (e.g., ΔpH = −0.80 at pH 7.91,
ΔpH = −1.14 at pH 9.98). The negative ΔpH indicates that the
final pH is lower than the initial pH, suggesting that the
geopolymer adsorbs OH− ions (or releases H+ ions), making

the solution less basic. This occurs because the surface
deprotonates, acquiring a negative charge.

Adsorption Properties: The pHpzc value of 7.03 sug-
gests that the geopolymer is well-suited for applications in
near-neutral pH environments. For example:

Cation Adsorption: At pH < 7.03, the positively charged
surface repels cations but attracts anions, making it useful
for adsorbing negatively charged species (e.g., anionic pol-
lutants like phosphates or dyes).

Anion Adsorption: At pH > 7.03, the negatively charged
surface attracts cations, making it effective for removing posi-
tively charged species (e.g., heavy metal ions like Pb2+ or Cu2+).

Environmental Applications: Since many natural wa-
ter systems (e.g., rivers, groundwater) have pH values
around 6–8, the pHpzc of 7.03 indicates that the geopolymer
could be versatile for water treatment, as its surface charge
can be tuned by slight pH adjustments to target specific
contaminants.

Catalysis or Ion Exchange: In catalysis or ion-exchange
applications, the pHpzc helps predict how the geopolymer

Figure 3: FTIR spectrum and pore surface area
of geopolymer adsorbent. (A) FTIR spectrum.
(B) Pore surface area distrbution.
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will interact with charged species in a given pH environ-
ment, aiding in the design of efficient catalysts or ion-
exchange materials.

A pHpzc of 7.03 is close to neutral, suggesting that the
geopolymer has a balanced distribution of acidic and basic
sites on its surface. This is typical for aluminosilicate-based
geopolymers, which often have pHpzc values in the neutral
to slightly basic range due to their chemical composition
(e.g., Si–OH and Al–OH groups).

The gradual transition of ΔpH from positive to negative
around pHpzc indicates a well-behaved surface with no
abrupt changes, which is desirable for consistent perfor-
mance in applications.

The pHpzc of approximately 7.03 indicates that the
geopolymer has a neutral surface charge at near-neutral pH,
making it versatile for applications like adsorption, catalysis,
or ion exchange in environmental or industrial settings.
Below pH 7.03, it is positively charged and can attract anions;
above pH 7.03, it is negatively charged and can attract cat-
ions. This property allows the geopolymer to be tailored for
specific applications by adjusting the pH of the surrounding
environment, making it a promising material for water
treatment or pollutant removal in near-neutral conditions.

3.3 Effect of pH on tamoxifen removal
efficiency

To investigate the impact of pH on tamoxifen adsorption,
three 50 mL solutions with an initial tamoxifen concentra-
tion of 40 mg/L were prepared, with pH adjusted to values
between 4 and 10 using 0.1 NHCl or NaOH. Each solutionwas
mixed with 80mg of geopolymer adsorbent and agitated at
180 rpm for 2 h at 25 °C. Post-agitation, samples were filtered
and analyzed for tamoxifen concentration using an HPLC

system. The results, shown in Figure 5A, reveal that
adsorption efficiency increasedwith pH from 56.10 % at pH 4
to a peak of 90.70 % at pH 6, then declined to 71.70 % at pH 10.
This trend reflects the influence of pH on the ionization state
of tamoxifen, a cationic molecule, and the geopolymer’s
surface charge. At higher pH values, excess OH− ions likely
reduce adsorption efficiency due to electrostatic repulsion.
Given the suitability of neutral pH for practical applications,
pH 7 was selected as the optimal value, balancing high effi-
ciency with environmental relevance.

3.4 Effect of adsorbent dose on tamoxifen
removal efficiency

The effect of adsorbent dose on the efficiency of tamoxifen
removal was investigated by varying the amount of
geopolymer-based adsorbent in aqueous solutions. Six
50 mL tamoxifen solutions at an initial concentration of
40 mg/L and pH 7were prepared. Geopolymer doses of 20, 40,
60, 80, and 100 mg were added to the respective solutions,
which were then agitated at 180 rpm for 120 min at 25 °C.
Following the adsorption process, 2 mL aliquots were
collected, filtered through syringe filters (0.22 µm), and
analyzed using HPLC to determine the residual tamoxifen
concentration.

As illustrated in Figure 5B, the removal efficiency
increased with the adsorbent dose. At 20 mg, the efficiency
was 60.90 %, which rose to 81.93 % with 40mg of adsorbent.
Amore substantial increasewas observed at 60 mg (92.03 %),
with the efficiency reaching 95.43 % at 80 mg. Increasing the
dose further to 100 mg yielded a marginal improvement,
achieving 95.55 % removal.

These results indicate that the increase in adsorbent dose
enhances the number of available active sites, thereby

Figure 4: XRD and pHpzc graph of geopolymer adsorbent material. (A) XRD graph. (B) pHpzc graph.
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improving adsorption efficiency. However, after a certain
threshold (approximately 80mg), the removal efficiency pla-
teaued, suggesting the onset of equilibrium conditions where
nearly all available tamoxifen molecules were adsorbed.

Although a slightly higher efficiency of 96.70 % was
observed at 50 mg in an independent trial, 80 mg was
selected as the optimum adsorbent dose for further experi-
ments. This dose provides a balance between high removal
efficiency (above 90 %) and cost-effectiveness, minimizing
material usage without sacrificing performance.

3.5 Effect of stirring time on tamoxifen
removal efficiency

The influence of stirring time on the adsorption efficiency of
tamoxifen was assessed by varying contact duration be-
tween the geopolymer adsorbent and the tamoxifen solu-
tion. A 50mL solution containing 40mg/L tamoxifen at pH 7
was treated with 80mg of geopolymer adsorbent and
agitated at 180 rpm and 25 °C for up to 180 min. At pre-
determined time intervals, 1 mL aliquots were withdrawn,
filtered through a 0.22 µm syringe filter, and analyzed by
HPLC to determine residual tamoxifen concentrations.

As depicted in Figure 5C, the adsorption efficiency
exhibited a rapid increase during the initial 15 min, indi-
cating the abundance of available active sites on the adsor-
bent surface. Between 30 and 60 min, the rate of adsorption
slowed, and the removal efficiency approached a plateau
beyond 120 min. The removal efficiency was 86.78 % at
30 min and increased to 95.48 % at 120 min. Equilibriumwas
reached at 150 min with a maximum removal efficiency of
96.08 %. Extending the contact time to 180 min resulted in a
negligible increase, with an efficiency of 96.40 %.

These findings suggest that the adsorption of tamoxifen
is initially governed by surface interactions and external
mass transfer, followed by gradual intraparticle diffusion
until equilibrium is achieved. Based on the minimal
improvement beyond 150 min, this contact time was identi-
fied as the optimal duration for subsequent adsorption and
kinetic modeling studies.

3.6 Effect of initial tamoxifen concentration
on removal efficiency

The effect of initial tamoxifen concentration on adsorption
efficiency was examined by conducting a series of batch

Figure 5: Effect of adsorption parameters on tamoxifen removal efficiency. (A) Effect of pH on tamoxifen removal efficiency. (B) Effect of adsorbent dose on
tamoxifen removal efficiency. (C) Effect of contact time on tamoxifen removal efficiency. (D) Effect of initial concentration on tamoxifen removal efficiency.
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experiments with concentrations ranging from 10 to 60 mg/
L. Each 50mL solution was adjusted to pH 7, treated with
80mg of geopolymer adsorbent, and stirred at 180 rpm for
150 min at 25 °C. The residual tamoxifen concentrationswere
determined by HPLC analysis.

As illustrated in Figure 5D, the removal efficiency
increased with rising initial concentrations up to 40 mg/L.
Specifically, the efficiency was 82.90 % at 20 mg/L, 88.05 % at
30 mg/L, and reached 92.05 % at 40 mg/L. This trend reflects
the enhanced driving force for mass transfer and increased
concentration gradient, which facilitates more effective
adsorption.

However, beyond 40mg/L, the increase in removal ef-
ficiency became marginal, indicating that the adsorption
sites on the geopolymer surface were approaching satura-
tion. At 50 mg/L and 60mg/L, the efficiencies were 94.48 %
and 95.45 %, respectively, with only slight improvement at
70 mg/L (95.55 %).

These findings suggest that although higher initial con-
centrations offer more tamoxifen molecules for adsorption,
the finite number of active sites on the adsorbent limits the
extent of removal beyond a certain concentration. There-
fore, 40 mg/L was selected as the optimal initial concentra-
tion for subsequent experiments, as it provides high removal
efficiency while preventing unnecessary saturation of the
adsorbent.

3.7 Adsorption thermodynamics

The adsorption of tamoxifen onto the geopolymer is a
spontaneous (ΔG < 0), endothermic (ΔH = 48.267 kJ/mol)
process driven by a significant entropy increase
(ΔS = 174.568 J/mol·K) due to water molecule release from the
surface, characterized as chemisorption with strong chem-
ical interactions. The process is most efficient at 298 K, with
spontaneity decreasing at higher temperatures (ΔG
from −6.848 kJ/mol at 298 K to −4.095 kJ/mol at 318 K), as
confirmed by the decreasing equilibrium constant. This
makes the geopolymer a promising adsorbent for tamoxifen
removal inwastewater treatment at ambient conditions. The
results are summarized in Table 1.

3.8 Evaluation of isotherm model analysis
results

The suitability of isotherm models for tamoxifen removal
from aqueous solutions using geopolymer adsorbents was
evaluated using the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R) models. Experimental data
were obtained using solutions containing different concen-
trations of tamoxifen at pH 7, 25 °C, and 150 min of contact
time. Linear and nonlinear regression analyses were per-
formed for each model, and model parameters and (R2)
values, which indicate the degree of fit, were calculated. The
results are summarized in Table 2.

The Langmuir model showed the highest agreement
with the experimental data with (R2 = 0.996). This indicates
that tamoxifen binds to the geopolymer surface by a
monolayer and homogeneous adsorption mechanism. The
maximum adsorption capacity (qm = 34.48 mg/g) confirms
the high adsorption potential of the geopolymer, and the
strong affinities between adsorbate and adsorbent
(KL = 1.07 L/mg) confirm the high adsorption potential of the
geopolymer. The Freundlich model (R2 = 0.972) described
multilayer adsorption on heterogeneous surfaces and
showed a suitable adsorption density with (n = 2.14). The
Temkin model (R2 = 0.987) provided a good agreement
assuming that the heat of adsorption decreases with surface
coverage, indicating physical adsorption with (bT = 468.32 J/
mol}). The D-R model (R2 = 0.978) suggested the chemical
adsorption character with (E = 9.13 kJ/mol), but showed
lower agreement compared to the Langmuir model.

Nonlinear regression analyses confirmed the superior-
ity of the Langmuir model over other models. The experi-
mental data andmodel curves presented in Figure 6 visually
confirm that the Langmuir model provides the closest fit to
the experimental data. These results indicate that the geo-
polymer is an effective adsorbent for tamoxifen removal
from aqueous solutions and that the adsorption process

Table : Thermodynamic parameters for tamoxifen adsorption.

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS ( J/mol·K)

 −. . .
 −. . .
 −. . .

Table : Parameters of isotherm models and (R) values for nonlinear
regression.

Model Parameters (R)

Langmuir (qm = .mg/g),
(KL = . L/mg)

.

Freundlich (KF = .mg/g (L/mg)(/n)),
(n = .)

.

Temkin (AT = . L/mg),
(bT = . J/mol)

.

Dubinin-Radushkevich (qs = .mg/g}),
(E = . kJ/mol})

.
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occurs primarily through a monolayer mechanism consis-
tent with the Langmuir model.

3.9 Adsorption mechanism and bonding
interactions between tamoxifen and
geopolymer

The adsorption mechanism likely involves a combination of
physical and chemical interactions. The geopolymer’s
negatively charged aluminosilicate framework, rich in Si–O
and Al–O groups, can interact with the positively charged
tertiary amine group of tamoxifen (pKa ≈ 8.7) at pH 7,
facilitating electrostatic attraction. Additionally, hydrogen
bonding between tamoxifen’s hydroxyl or ether groups and
the geopolymer’s surface hydroxyls may contribute to the
strong affinity indicated by the Langmuir and Temkin con-
stants. The D-R model’s (E ) value suggests possible weak
chemical interactions, such as coordination with metal ions
(e.g., Al3+) in the geopolymer structure. Hydrophobic in-
teractions between tamoxifen’s aromatic rings and non-
polar regions of the geopolymer surface may also enhance
adsorption, particularly in the context of the aqueous
environment.

In conclusion, the adsorption of tamoxifen onto geo-
polymer is best described by the Langmuirmodel, indicating
a monolayer adsorption process driven by strong electro-
static and hydrogen bonding interactions, with possible

contributions from weak chemical interactions as suggested
by theD-Rmodel. The geopolymer’s high adsorption capacity
and affinity make it an effective adsorbent for tamoxifen
removal from aqueous solutions. These findings suggest that
the adsorption mechanism is primarily governed by surface
interactions on a homogeneous geopolymer structure,
with physical forces dominating, supplemented by minor
chemical contributions. In conclusion, the adsorption of
tamoxifen onto the geopolymer surface occurs primarily
through electrostatic attraction and hydrogen bonds,
following a monolayer adsorption mechanism consistent
with the Langmuir model.

3.10 Evaluation of kinetic model analysis
results

The kinetic behavior of tamoxifen adsorption from aqueous
solutions onto geopolymer was evaluated using the Pseudo-
First-Order (PFO), Pseudo-Second-Order (PSO), Elovich, and
Intraparticle Diffusion (IPD) models. Experimental data
were obtained using a 40mg/L initial tamoxifen concentra-
tion at pH 7, 25 °C, and 180 min contact time. Linear and non-
linear regression analyses were performed to determine
model parameters and goodness-of-fit (R2) values. The re-
sults are summarized in Table 3.

Pseudo-First-Order (PFO) Model: The PFO model as-
sumes that the adsorption rate is proportional to the number

Figure 6: Isotherm model comparison for tamoxien adsorption.
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of available sites. Non-linear regression yielded
(qe = 24.12 mg/g) and (k1 = 0.0216 min−1), with (R2 = 0.962),
indicating a reasonable fit. However, the rapid initial
adsorption ((qt = 19.46 mg/g) at (t = 15 min) highlights the
model’s limitations in fully capturing the process.

Pseudo-Second-Order (PSO) Model: The PSO model,
which assumes the adsorption rate is proportional to
the square of available sites, provided the best fit with
(R2 = 0.998). Parameters (qe = 24.75 mg/g), (k2 = 0.0134 g/mg·
min), (h = 8.21 mg/g·min) confirm ahigh equilibrium capacity
and rapid initial adsorption rate. This suggests that the
adsorption process is controlled by chemisorption mecha-
nisms, such as electrostatic interactions or hydrogen
bonding, making PSO the most suitable model.

Elovich Model: The Elovich model, applicable to
chemisorption on heterogeneous surfaces, assumes an
exponential decrease in adsorption rate with surface
coverage. It yielded (α = 35.47 mg/g·min) (initial adsorption
rate) and (β = 0.2389 g/mg) (surface coverage constant), with
(R2 = 0.889). The moderate fit suggests some chemisorption
but indicates that the model is less suitable than PSO for
capturing the rapid adsorption kinetics.

Intraparticle Diffusion (IPD) Model: The IPD model
assesses the role of pore diffusion in adsorption. Parameters
(kid = 2.86 mg/g·min0.5), (C = 11.77 mg/g) and (R2 = 0.871) indi-
cate that intraparticle diffusion contributes to the process,
but the non-zero (C) value suggests it is not the sole rate-
limiting step. The linearized plot (qt) versus (t0.5) exhibited
multi-linear segments, indicating multiple stages (e.g.,
external diffusion, intraparticle diffusion, and equilibrium).

The PSO model, with (R2 = 0.998), best describes the
tamoxifen adsorption kinetics, confirming that the process is
primarily driven by chemisorption involving surface in-
teractions. The high initial adsorption rate (h = 8.21 mg/g·
min) and equilibrium capacity (qe = 24.75 mg/g) highlight the
geopolymer’s effectiveness as an adsorbent. The PFO model,

while adequate, underperforms due to the rapid adsorption
kinetics. The Elovich model supports some chemisorption
but is less fitting, and the IPD model confirms intraparticle
diffusion as a contributing mechanism, though not domi-
nant, due to the multi-stage process indicated by the non-
zero (C). These findings establish geopolymer as an efficient
adsorbent for tamoxifen removal, with adsorption kinetics
best described by the PSO model. Future studies should
explore varying pH or temperature conditions to further
elucidate the adsorption mechanism.

Nonlinear regression analyses confirmed the superiority
of the Pseudo-Second-Order kinetic model over other models.
The experimental data and model curves presented in
Figure 7 visually confirm that the Pseudo-Second-Order ki-
netic model provides the closest fit to the experimental data.

4 Discussion

The results of this study clearly demonstrate that the
geopolymer-based nepheline/cordierite adsorbent is highly
effective for removing cytotoxic tamoxifen from aqueous
solutions. The removal efficiency exceeded 96 % under
optimized conditions (pH 7, 40 mg/L initial concentration,
80 mg adsorbent dose, 150 min contact time, 298 K), indi-
cating that the synthesized geopolymer possesses excellent
surface characteristics and chemical affinity for tamoxifen
molecules.

The pseudo-second-order kinetic model provided the
best fit to the experimental data (R2 = 0.998), suggesting that
the adsorption process is primarily governed by chemi-
sorption mechanisms involving valency forces and electron
sharing between adsorbent and adsorbate. This finding is
consistent with previous studies involving pharmaceutical
removal using geopolymer or aluminosilicate-based adsor-
bents. Similarly, the Langmuir isothermmodel exhibited the
highest correlation (R2 = 0.996), indicating that tamoxifen
adsorption occurred in a monolayer on a homogeneous
surface. This supports the conclusion that the surface of the
geopolymer offers uniform active sites with high affinity for
tamoxifen molecules.

The thermodynamic analysis further confirmed that the
adsorption process is spontaneous (ΔG° < 0) and endo-
thermic (ΔH° = 48.267 kJ/mol), with an increase in random-
ness at the solid–liquid interface (ΔS° = 174.568 J/mol·K). The
positive enthalpy change indicates that higher temperatures
may enhance adsorption, albeit marginally. These thermo-
dynamic parameters align with previous reports on the
removal of organic pollutants using porous geopolymers.

Table : Kinetic model parameters and (R) values from non-linear
regression.

Model Parameters (R)

Pseudo-first-order (qe = .mg/g)
(k = . min−)

.

Pseudo-second-order (qe = .mg/g)
(k = . g/mg·min)
(h = .mg/g·min)

.

Elovich (α = .mg/g·min)
(β = . g/mg)

.

Intraparticle diffusion (kid = .mg/g·min.)
(C = .mg/g)

.
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The point of zero charge (pHpzc = 7.03) suggests that at
neutral pH, the geopolymer surface is near neutral, enabling
effective adsorption of tamoxifen, which carries a partially
positive charge in aqueous media at physiological pH. This
electrostatic compatibility likely enhances interaction,
particularly through hydrogen bonding and possible π–π
interactions between tamoxifen’s aromatic rings and the
aluminosilicate framework of the geopolymer.

The efficiency of the adsorbent at relatively low doses
(80 mg per 50 mL solution) indicates its high adsorption ca-
pacity, making it an economically and environmentally
viable alternative to conventional materials such as acti-
vated carbon. Moreover, the porous structure observed in
SEM images, along with the BET surface area analysis,

highlights the physical suitability of the synthesized geo-
polymer for adsorption applications.

The adsorption capacity of the developed nepheline-
cordierite geopolymer was compared with other adsorbents
reported in the literature for the removal of tamoxifen and
related cytostatic drugs, as summarized in Table 4. The
maximum capacity (qmax) of 34.48 mg/g achieved in this
work under neutral pH and ambient temperature demon-
strates competitive and often superior performance.
Notably, this capacity surpasses that of many clay-based
materials and commercial activated carbons, while being
comparable to some specialized/composite adsorbents.More
significantly, this high performance is coupled with the
major advantage of synthesizing the adsorbent from

Table : Comparison of the adsorption capacity of the developed nepheline-cordierite geopolymer with other adsorbents reported in the literature for
the removal of tamoxifen and related cytostatic drugs.

Adsorbent material Target compound Maximum capacity (qmax, mg/g) Optimal pH Reference

Nepheline-cordierite geopolymer (this work) Tamoxifen .  –

Activated carbon (Commercial, F) Tamoxifen .  []
Montmorillonite K Clay Tamoxifen .  []
Zeolite beta Tamoxifen .  []
Multi-walled carbon nanotubes (MWCNTs) Tamoxifen .  []
Graphene oxide (GO) Tamoxifen .  []
Magnetic graphene oxide (MGO) Tamoxifen .  []
Activated carbon from pine sawdust Cyclophosphamide .  []
Metal-organic framework (MIL-Cr) Ifosfamide .  []

Figure 7: Kinetic model comparison for tamoxien adsorption.
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industrial by-products (fly ash, boron waste), making it a
cost-effective and sustainable alternative to conventional
materials. This favorable comparison underscores the
strong potential of the developed geopolymer for practical
application in wastewater treatment.

In comparison with other studies using clay, zeolite, or
carbon-based adsorbents for pharmaceutical removal, the
geopolymer developed in this study offers competitive, and
in some cases superior, performance in terms of adsorption
capacity, removal efficiency, and operational conditions.
Additionally, the use of industrial by-products (e.g., fly ash,
boron waste) in the geopolymer formulation supports sus-
tainability and resource recovery efforts.

In conclusion, the synthesized geopolymer-based
nepheline/cordierite material exhibits strong potential
as a low-cost, eco-friendly, and highly efficient adsorbent
for the removal of tamoxifen and similar pharmaceutical
contaminants from wastewater. Its high performance
under ambient conditions, along with favorable kinetic,
isothermal, and thermodynamic characteristics, un-
derlines its applicability in environmental remediation.
Future studies could explore regeneration capacity, real
wastewater performance, and scale-up feasibility to
further validate its practical use.

While this study successfully demonstrates the efficacy of
a novel nepheline-cordierite geopolymer for tamoxifen
adsorption, the versatility of geopolymer chemistry suggests
that other formulations could also be employed. The adsorp-
tion performance is intrinsically linked to the specific physi-
cochemical properties of thematerial, which are governed by
the choice of aluminosilicate precursors (e.g., metallurgical
slag, different classes of fly ash, rice husk ash) and synthesis
conditions. A comparative study evaluating the performance
of various geopolymer compositions against the adsorbent
presented here would be a valuable direction for future
research. Suchworkwould be crucial for identifying themost
cost-effective and high-performing geopolymer formulation
for large-scale water treatment applications.

5 Conclusions

In this study, a porous geopolymer-based nepheline/cordi-
erite adsorbent was successfully synthesized and evaluated
for the removal of the cytotoxic pharmaceutical compound
tamoxifen from aqueous solutions. The experimental find-
ings revealed that the adsorbent exhibited excellent per-
formance under optimized conditions (initial tamoxifen
concentration of 40 mg/L, pH 7, adsorbent dose of 80 mg,
contact time of 150 min, and temperature of 298 K), achieving
a maximum removal efficiency of 96.08 %.

Kinetic modeling indicated that the adsorption process
follows the pseudo-second-order model, suggesting chemi-
sorption as the rate-limiting step, while the equilibrium data
best fit the Langmuir isotherm model, confirming mono-
layer adsorption on a homogeneous surface. Thermody-
namic analysis further demonstrated that the process is
spontaneous, endothermic, and associated with an increase
in entropy, indicative of strong interactions between
tamoxifen molecules and the geopolymer surface.

The geopolymer adsorbent, prepared from industrial and
mineral wastes, offers an environmentally friendly and cost-
effective solution for pharmaceutical removal from waste-
water. Its high adsorption capacity, stability, and suitability
for near-neutral pH conditions make it a promising material
for practical applications in environmental remediation.

Future research should focus on the regeneration and
reusability of the adsorbent, performance in real waste-
water matrices, and the development of scalable treatment
systems to support broader implementation in wastewater
treatment processes.
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