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thesis of nano-hydroxyapatite
assisted by sodium dodecyl sulfate significantly
enhances the adsorption performance of
rhodamine B

Ya-Ni Zhang, Qiu-Yan Yang, Peng Wang, Jia-Hui Li, Shu-Yao Zhang, En-Peng Deng,
Xue-Min Wang, Jipeng Meng and Yu-Xin Miao *

In this study, we synthesized sodium dodecyl sulfate modified hydroxyapatite (SDS-HAP) to enhance the

removal efficiency of rhodamine B (RhB) dye. The SDS-HAP prepared using the sol–gel method

exhibited a significantly higher adsorption capacity compared to pristine HAP. Various characterization

techniques, including X-ray diffraction (XRD), N2 adsorption–desorption isotherms, Fourier-transform

infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM), were utilized to systematically

investigate the morphological and structural changes. Batch experiments were conducted to evaluate

the influence of RhB concentration, pH value, temperature, dosage, and contact time on the adsorption

performance. Results indicated that the addition of SDS increased the specific surface area from 72.8 to

136.8 m2 g−1. The equilibrium adsorption capacity of SDS-HAP for RhB was approximately 3.3 times

greater than that of pure HAP. Kinetic studies revealed rapid equilibrium following the pseudo-second-

order model (R2 = 0.9999). The Freundlich isotherm model best described the experimental data, with

a maximum adsorption capacity of 44.1 mg g−1. Thermodynamic analysis confirmed that the adsorption

process was spontaneous, endothermic, and driven by hydrogen bonding and electrostatic interactions

between the dye molecules, PO4
3−, Ca2+ and OH−.
1. Introduction

The rapid advancement of industrial processes has led to the
extensive discharge of inadequately treated wastewater, severely
contaminating global water systems. Aquatic pollutants appear
in diverse forms, including synthetic dyes, metallic contami-
nants, agricultural chemicals, and pharmaceutical derivatives.
Notably, the textile printing and dyeing industry is regarded as
one of the most polluting sectors.1 These chromatic pollutants
exhibit signicant environmental persistence and bio-
accumulation potential, positioning them as primary aquatic
contaminants.2 Consequently, there is an urgent need to
develop an environmentally friendly and cost-effective approach
for wastewater treatment.3

Contemporary wastewater treatment methodologies incorpo-
rate a variety of advanced technological approaches, including
membrane ltration, contaminant immobilization, coagulation–
occulation processes, redox precipitation, photochemical
decomposition, and electro-assisted purication.4 Among these,
the adsorption method is regarded as an optimal approach for
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27056
treating toxic pollutants in wastewater due to its simplicity, high
efficiency, low cost, and minimal risk of secondary pollution5

This technique exhibits broad-spectrum efficacy against a wide
array of pollutants, achieving signicant purication levels while
enabling material regeneration via controlled release mecha-
nisms—a critical feature that aligns with circular economy
principles. In recent years, researchers have developed a diverse
range of adsorbents, including clay minerals, zeolites, bio-based
materials, nanomaterials, and ion exchange resins.6 While
conventional porous carbon materials demonstrate signicant
contaminant uptake capacity, their practical application is con-
strained by low regeneration efficiency and environmental
sensitivity. Biogenic substrates, although offering ecological
advantages, oen exhibit inconsistent performance at the
industrial scale. Advanced nanomaterials, despite their techno-
logical superiority, face cost barriers and potential ecotoxico-
logical risks. Each material system presents distinct benet–cost
proles, necessitating careful selection based on operational
requirements and sustainability considerations. Future research
should focus on developing composite materials and optimizing
adsorption conditions to enhance both efficiency and environ-
mental compatibility.

Hydroxyapatite (HAP), a calcium phosphate mineral, has
emerged as a versatile medium for mitigating aquatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Standard absorbance curve of RhB under different dilution
concentrations at 554 nm.
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contaminants, demonstrating particular efficacy against
metallic species, synthetic dyes, and emerging micro-
pollutants.7 HAP exhibits strong interactions with dye mole-
cules owing to its mechanical stability, modiable surface
groups, low water solubility, and high adsorption capacity.8 The
mineral's crystalline architecture facilitates electrostatic inter-
actions between its dual-charged ionic components (Ca2+ and
PO4

3−) and target contaminants, thereby enabling efficient
pollutant capture.9 These characteristics, coupled with low
toxicity and economic feasibility, have driven the widespread
adoption of HAP in environmental engineering, biomedical
applications, and materials science.10 The sol–gel fabrication
technique has become predominant in HAP research, yielding
monodisperse nanoparticles that exhibit optimal optical prop-
erties, colloidal stability, and biocompatibilit.11 However, pure
HAP tends to aggregate in aqueous solutions, thereby reducing
its dispersion and adsorption capacity. Furthermore, in the
synthesis of nanomaterial HAP, it is easy to be chemically
modied by various functional groups.12 Existing studies have
shown that modication HAP by synthesizing surfactants can
effectively alleviate this problem, thereby improving the overall
performance of the adsorbent.13 Sodium dodecyl sulfate (SDS),
an economical anionic surfactant, exhibits remarkable disper-
sion capabilities and interfacial activity.14 Its unique ability to
control dimensions at the nanoscale and its broad industrial
applicability, especially in cleaning formulations, make it
particularly suitable for material modication.15 By enhancing
the specic surface area and dispersibility of HAP, SDS signi-
cantly improves its adsorption performance.

In this study, we conducted a comprehensive investigation
into the adsorption properties of SDS-HAP, which was synthe-
sized via the sol–gel method, toward RhB for the rst time.
Additionally, we meticulously analyzed the adsorption
isotherms, kinetics and mechanisms. The SDS-HAP system
exhibits remarkable cost-effectiveness and environmental
safety, making it a highly promising platform for aquatic envi-
ronment remediation. Future research will concentrate on
further exploring the application of RhB adsorption to enhance
both adsorption efficiency and regeneration performance.
These efforts hold great signicance for both environmental
protection and public health.

2. Experimental
2.1. Adsorbent preparation

0.01 mol of Ca(NO3)2$4H2O was dissolved in 100 mL of deion-
ized water. Varying amounts of SDS (0, 0.1, 0.5, 1.0, 1.5, and 2.0
g) were subsequently added to the solution in a water bath
maintained at 50 °C. Next, 0.006 mol of H3PO4 was introduced
into the mixture, and the pH was adjusted to 9.5 using
ammonia solution. Aer ensuring complete reaction, the
mixture was cooled to room temperature and allowed to stand
for 24 hours. The resulting precipitate was then centrifuged,
washed, and subjected to freeze-drying. This procedure yielded
a series of white uffy powder products doped with different
amounts of SDS, designated as fresh HA, HA0.1, HA0.5, HA1.0,
HA1.5 and HA2.0. All chemicals used were of analytical grade
© 2025 The Author(s). Published by the Royal Society of Chemistry
and were utilized without further purication. Deionized water
served as the solvent for preparing all dye solutions throughout
the adsorption experiments.

2.2. Catalyst characterization

The X-ray diffraction (XRD) patterns were recorded using
a Rigaku Ultima IV diffractometer with Cu Ka radiation at 40 kV
and 30mA, and the scanning was performed at a rate of 5° min−1

within the 2q range of 20–60°. The Micromeritics ASAP 2460 fully
automatic specic surface area analyzer was used to analyze the
specic surface area, porosity and pore size distribution of the
experimental samples. A nitrogen adsorption–desorption
isotherm test was carried out at liquid nitrogen temperature (77
K). An infrared spectrometer (Bruker TENSOR II) produced by
Bruker Corporation in Germany was used to identify the func-
tional groups on the surface of HAP within the wavenumber
range of 300–4000 cm−1 via an Attenuated Total Reection (ATR)
accessory. The morphology of HAP was observed using scanning
electron microscopy (SEM) on a Hitachi S-4800. Ultraviolet/
Visible/Near-Infrared (UV-Vis-NIR) absorption spectra recorded
with a Hitachi UH5300 Spectrophotometer, was used to measure
the absorbance of the analytes from visible to ultraviolet light
(300–800 nm) and conduct quantitative analysis.

2.3. Batch adsorption study

As shown in Fig. 1, a 10 mg per L RhB solution was accurately
prepared and then diluted to concentrations of 2, 4, 6, 8, and
10 mg L−1. The absorbance values were determined at a wave-
length of 554 nm using ultraviolet-visible (UV-Vis) spectroscopy,
and a corresponding standard calibration curve was established.
The linear regression equation obtained was y= 0.194x− 0.0104,
with a coefficient of determination (R2) of 0.9997. Eqn (1)–(3)
were subsequently applied to calculate the equilibrium adsorp-
tion capacity and the adsorption rate. The effects of various
parameters, including adsorbent dosage, contact time, reaction
temperature, initial RhB concentration, and pH, on the adsorp-
tion efficiency of RhB were systematically investigated within an
RSC Adv., 2025, 15, 27046–27056 | 27047
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initial RhB concentration range of 10 to 50 mg L−1. Adsorption
kinetic and isotherm experiments were carried out under
controlled laboratory conditions at a constant temperature of 25 °
C and a xed pH. Preliminary experimental results showed that
directly adding SDS to the RhB solution did not substantially
enhance the adsorption efficiency. When 50 mg of HA was used
to treat RhB solution (C0 = 10 mg L−1, V = 50 mL), the removal
Fig. 2 The removal rates of RhB (C0 = 10 mg L−1, V = 50 mL) by
different samples.

Fig. 3 (a) XRD patterns of HA, HA0.1, HA0.5, HA1.0, HA1.5 and HA2.0, (b) t
HA2.0 are shifted upward by 200, 360, 600, 750, 950 cm3 per g STP, (c) po
HA1.0, HA1.5, HA2.0 and used HA0.5-RhB.

27048 | RSC Adv., 2025, 15, 27046–27056
rate was only 27.9%, indicating limited adsorption capacity. In
contrast, the SDS-modied sample HA0.5 (50 mg) achieved
a removal rate of up to 99.5%, demonstrating a signicant
improvement in adsorption performance. However, further
increasing the SDS dosage to 1 g (HA1.0 sample) resulted in
a slight decrease in removal efficiency to 97.8% under the same
experimental conditions. Therefore, the HA0.5 sample was
selected for subsequent investigations, as illustrated in Fig. 2.

qe = (C0 − Ce) × V/m (1)

qt = (C0 − Ct) × V/m (2)

R% = (C0 − Ce)/C0 × 100% (3)

where qe (mg g−1) is the equilibrium adsorption capacity, V (L) is
the volume of dye solution, m (g) is the adsorbent mass, Ct (mg
L−1) is the RhB concentration at time t, R (%) is the adsorption
rate, C0 (mg L−1) is the initial dye concentration, and Ce (mg
L−1) is the equilibrium dye concentration.
3. Results and discussion
3.1. Characterization of adsorbent

The crystal phase and corresponding crystallite sizes were
characterized using XRD patterns for both HAP and SDS-HAP
samples, as illustrated in Fig. 3(a). The characteristic
he N2 adsorption–desorption curves of HA0.1, HA0.5, HA1.0, HA1.5 and
re size distribution of adsorbent, (d) FT-IR spectra of HA, HA0.1, HA0.5,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diffraction peaks align with those reported in the JCPDS stan-
dard card (No. 09-0432), conrming that the synthesized
samples exhibit a hexagonal structure typical of HAP. Speci-
cally, the crystal planes at 2q angles of 25.9°, 31.8°, 32.2°, 32.9°,
34.0°, 39.8°, 49.5°, and 53.1° correspond to the (002), (211),
(112), (300), (202), (310), (213) and (004) planes of HAP,
respectively. Notably, aer incorporating a certain amount of
SDS, the intensity of the characteristic diffraction peaks for the
(002), (213) and (004) planes increased, indicating enhanced
crystallinity of HAP.

Fig. 3(b) shows the N2 adsorption and desorption isotherm
of the sample. The isotherms exhibit typical type IV behavior
with H3 hysteresis loops, indicating the presence of meso-
porous structures in the prepared carriers. Table 1 summarizes
the specic surface area (SSA) and pore volume information of
the material. The SSA of the HAP sample prepared by us was
72.8 m2 g−1. The addition of SDS increased the SSA, however,
this increase did not correlate linearly with the SDS concen-
tration, with the HA0.5 sample exhibiting the highest SSA. As
shown in Fig. 3(c), there was no signicant difference in pore
size distribution among the samples, which ranged from 9 to
13 nm. This uniformity in pore size may be attributed to the SDS
concentration in the solution.

The Fourier transform infrared (FTIR) spectra were recorded
between 4000 and 400 cm−1 to identify the hydroxyl and phos-
phate groups on the surface of HAP.16 As shown in Fig. 3(d),
characteristic absorption bands at wavenumbers 562 cm−1,
600 cm−1, and 586 cm−1 were attributed to the bending and
stretching vibrations of the O–P–O bonds in the phosphate
(PO4

3−) group on the surface of HAP.17–19 The subsequent
absorption band at 871 cm−1 was assigned to the hydrogen
phosphate radical (HPO4

2−).20 Additionally, the triplet of
absorption bands peaking at 963 cm−1 and 1026 cm−1 were
ascribed to distinct vibrational modes of the P–O bonds within
the PO4

3− groups.21 The peak observed at approximately
1108 cm−1 could correspond to the S]O vibration.22 Acetate
ions exhibit symmetric C–O stretching modes at 1414 cm−1,
indicating that CO2 participates in the reaction and replaces
PO4.3–23 The broad bands at 1673 cm−1 and 3372 cm−1 can be
attributed to the H–O–H bending vibration mode in the water
lattice. In the range of 2800–3000 cm−1, a decrease in peak
intensity suggests that some SDS may have been washed off.
Table 1 Physicochemical properties of different samples

Sample SBET
a (m2 g−1) Dv

b (cm3 g−1) Dp
b (nm)

HA 72.8 0.5 12.4
HA0.1 44.3 0.2 10.8
HA0.5 136.8 0.7 9.7
HA1.0 96.6 0.5 10.2
HA1.5 129.8 0.6 9.7
HA2.0 119.0 0.7 11.4

a The SBET of sample were determined by the Brunauer–Emmett–Teller
(BET) method. b Dv/Vp was the average pore diameter/average pore
volume which was calculated by the BJH method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The morphology and structure of HAP prepared by the sol–
gel method and some samples aer adding SDS were charac-
terized by scanning electron microscopy (SEM) in Fig. 4. HAP
exhibits a lamellar structure in the shape of thin akes, with
a size of approximately 10 to 100 nm. The single lattice spacing
of 0.82 nm was calculated by transmission electron microscopy,
which corresponded to HAP (111) crystal plane by comparing
with standard card. Aer adding SDS, HAP gradually transforms
into a more irregular occulent morphology, stacking in
a disorderly manner and forming a well-dispersed lamellar
material with numerous voids. As the amount of SDS added
increases, the area of the thin akes further expands.

3.2. Effect of adsorbent dosage

Different masses of HA0.5 adsorbent were added to 50 mL of
20 mg per L RhB solution and shaken at 25 °C in a constant
temperature shaker for 1 hour. Aerward, the supernatant was
ltered through a 0.22 mm microlter, and absorbance values
were measured using a UV spectrophotometer. The adsorption
capacity and removal rate were then calculated according to the
formula to investigate the inuence of adsorbent dosage. As
shown in Fig. 5, the removal of RhB initially increased rapidly
with increasing adsorbent amount but subsequently leveled off.
Conversely, the adsorption capacity exhibited an opposite
trend. At an adsorbent dosage of 0.05 g, the removal rate of RhB
reached 97.2%, with an equilibrium adsorption capacity of
15.1 mg g−1. The decrease in adsorption capacity may be
attributed to the limited number of effective adsorption sites,
leading to reduced effectiveness per unit mass of adsorbent
during the process.24 Beyond this point, further increases in
adsorbent amount did not signicantly enhance the removal
rate, as the adsorption capacity gradually approached satura-
tion equilibrium. To achieve near-complete adsorption of RhB,
we selected 0.05 g of adsorbent as the optimal condition for
subsequent experiments.

3.3. Effect of concentration and adsorption time on RhB
adsorption

The inuence of different initial concentrations and contact
time on RhB adsorption is illustrated in Fig. 6. This experiment
was conducted over a concentration range from 10 to 50mg L−1,
with identical experimental conditions and procedures to
investigate the effect of equilibrium time. Specically, 0.05 g of
HA0.5 adsorbent was added to 50 mL of RhB solution at various
initial concentrations and subjected to constant temperature
shaking at 25 °C. Samples were collected and ltered at inter-
vals of 5, 10, 15, 20, 40, 60, 80, 100, and 120 minutes, and
absorbance values were measured using a UV spectrophotom-
eter. The adsorption capacity and removal rate were then
calculated.

The adsorption of RhB is signicantly inuenced by the
initial concentration. As the initial concentration increases, the
adsorption amount initially rises rapidly before gradually
approaching equilibrium. The results indicate that the
adsorption capacity increases with the enhanced collision
frequency between the adsorbent and RhBmolecules, providing
RSC Adv., 2025, 15, 27046–27056 | 27049
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Fig. 4 SEM images of HA (a), HA0.5 (b), HA1.5 (c), HA2.0 (d) and TEM image of HA embedded in (a).

Fig. 5 Effect of adsorbent dosage on RhB remove (a) and adsorption (b).
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numerous adsorption sites for RhB. Over time, as some
adsorption sites on the surface of the adsorbent become occu-
pied, the adsorption process tends toward equilibrium and
eventually reaches saturation. At an initial solution concentra-
tion of 50 mg L−1, the maximum adsorption capacity reached
44.1 mg g−1.

In the rst 20 minutes of the reaction, the adsorption
capacity increased rapidly due to the availability of numerous
27050 | RSC Adv., 2025, 15, 27046–27056
unoccupied adsorption sites on the adsorbent surface, allowing
for the rapid uptake of RhB molecules. As time progressed, the
system approached equilibrium aer 1 hour of reaction.
Experimental results showed that the adsorption remained
stable aer 12 hours. This stability can be attributed to two
factors: (1) the surface of the adsorbent being extensively
occupied by RhB molecules, leading to electrostatic repulsion,
and (2) the reduction in available active sites on the adsorbent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of adsorption time and concentration on adsorption of
RhB.
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surface, which limits further adsorption and gradually leads to
equilibrium.
3.4. Inuence of initial pH value and temperature on RhB
adsorption

The pH value condition plays a crucial role in the adsorption of
RhB by the adsorbent, as changes in the pH value can inuence
the surface chemistry of both the dye and the adsorbent, as well
as the degree of ionization of RhB molecules. Adsorption
experiments were conducted by adding 0.05 g of adsorbent to
50 mL of 20 mg per L RhB solution at various pH value levels. As
shown in Fig. 7(a), the adsorption rate and capacity exhibited an
initial increase followed by a decrease with increasing solution
pH. Within the pH value range of 5–9, the removal rate and
adsorption capacity changed gradually. Under strongly acidic
conditions, the removal rate decreased due to excessive H+ ions
Fig. 7 (a) Influence of initial pH value on RhB adsorption and (b) effect

© 2025 The Author(s). Published by the Royal Society of Chemistry
in the solution reacting with cOH groups, leading to the
consumption of active species. Additionally, electrostatic
repulsion and competitive adsorption between RhB cations and
H+ ions limited the adsorption of RhB and other cationic dyes.25

Under strongly alkaline conditions, the adsorption capacity
slightly decreased, possibly due to structural damage and
changes in some adsorption sites on the surface.

At pH value of 7, the adsorption performance was optimal,
achieving a removal rate of 97.2% and a maximum adsorption
capacity of 19.6 mg g−1. This is attributed to the dissociation of
functional groups on the surface, which enhances the attraction
between the dye molecules and the adsorbent, thereby
improving the adsorption capacity.26 Similar trends have been
reported by Khan et al.,27 who noted that within the entire pH
range of 2–13, the adsorption rate for RhB remained above 92%,
demonstrating excellent adsorption performance.

Adsorption experiments were conducted by adding 0.05 g of
adsorbent to 50 mL of 20 mg per L RhB solution at various
temperatures. As shown in Fig. 7(b), the adsorption rate and
capacity of the adsorbent material for RhB increased with rising
temperature. The increase in temperature enhances the
adsorption affinity of the sample for RhB, which can be attrib-
uted to the increased mobility of active sites on both the dye
molecules and the adsorbent. This phenomenon may be due to
faster diffusion of dye molecules at higher temperatures, facil-
itating their entry into the pores of the adsorbent.28 When
compared with several other HAP composites in Table 2, the
SDS-modied HAP adsorbent exhibits a remarkable adsorption
capacity. This characteristic suggests that it has signicant
potential for effectively adsorbing high-concentration dyes.
Therefore, we then analyzed the isothermal adsorption model,
kinetic and thermodynamic data in order to better understand
the adsorption mechanism.
3.5. Adsorption isotherm study

The adsorption isotherm model, serving as a representation of
equilibrium data, plays a pivotal role in the in-depth
of temperature on adsorption of RhB.

RSC Adv., 2025, 15, 27046–27056 | 27051
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Table 2 Physicochemical properties of different samples

Sample SSA (m2 g−1) C0 (mg L−1) pH qm References

GO 833 25 3 13.5 29
Red-clay 22.4 40 5 18.8 30
Hide substance-chitosan-HAP 5.5 × 10−5 50 12 3.8 31
HAP-Fe3O4 75.2 40 — 12.4 32
HAP-biochar 127.1 50 8 21.1 33
HA0.5 136.8 50 7 44.1 This work
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investigation of the adsorption process mechanism. This model
elucidates the relationship between the adsorbent and adsor-
bate, characterizing the interaction on the adsorbent surface
and assessing the adsorption capacity. In this study, four
distinct isotherm models—Freundlich, Langmuir, Temkin, and
Dubinin–Radushkevich (D–R)—were utilized to describe the
adsorption behavior of RhB on SDS-HAP. The experimental
results reveal that these models exhibit varying degrees of
correlation with the experimental data. Table 3 provides
a comprehensive summary of all parameters associated with the
four isotherms.

In Fig. 8(a), the Freundlich isotherm model is employed to
describe multilayer adsorption involving interactions between
adsorbed molecules.34 A 1/n value within the range of 0.1–1
suggests favorable conditions for the adsorption process.35 The
Freundlich model demonstrates a good t (R2 = 0.9712), with
the result approaching unity.
Table 3 The isothermal adsorption model parameters and kinetic
parameters of HA0.5 adsorbing RhB

Isotherm model Equations Parameters

Langmuir Ce/qe = Ce/qm + 1/(KLqm) qm = 45.96
RL = 1/(1 + KLC0) KL = 1.20

R2 = 0.9518
Freundlich Lg qe = lg KF + 1/n lg Ce n = 2.71

KF = 21.86
R2 = 0.9712

Temkin qe = A ln KT + A lnCe A = 8.31
A = RT/b KT = 20.29

R2 = 0.9413
D–R Ln qe = ln qm − K32 K = 5.04 × 10−8

3 = RT × ln(1 + 1/Ce) E = 3.15
E = 1/(2K0.5) R2 = 0.8735

Kinetic model Equations Kinetic constant

Pseudo-rst-order Ln(qe − qt) = ln qe − k1t qe,exp = 3.05
k1 = 0.14
R2 = 0.8699

Pseudo-second-order t/qt = (1/k2qe
2) + t/qe qe,exp = 9.93

k2 = 0.26
R2 = 0.9999

Elovich model qt = a + b ln t a = 0.36
b = 8.52
R2 = 0.8658

Intraparticle diffusion qt = kit
0.5 + C ki = 0.15

C = 8.88
R2 = 0.7066

27052 | RSC Adv., 2025, 15, 27046–27056
The feasibility of representing Langmuir isotherm behavior
is assessed using the dimensionless separation factor RL.36 RL

values (see Table 3) characterize the isotherm shape: speci-
cally, 0 < RL < 1 indicates favorable adsorption, RL = 0 signies
irreversible adsorption, RL = 1 denotes linear adsorption, and
RL > 1 implies unfavorable adsorption.37 In this study, RL = 0.04
(0 < RL < 1), conrming that the surface adsorption process is
favorable. Furthermore, monolayer adsorption, as evidenced by
the Langmuir model (R2= 0.9518), plays a signicant role in dye
molecule adsorption. The maximum adsorption capacity was
determined to be 45.96 mg g−1.

The Dubinin–Radushkevich (D–R) equation is grounded in
the micropore-lling theory, wherein the pore volume is
progressively lled based on the adsorption potential. The E
value serves as a critical parameter for identifying the type of
adsorption mechanism. Specically, when E < 8 kJ mol−1, the
adsorption process is predominantly governed by physical
forces. When 8 < E < 16 kJ mol−1, the adsorption mechanism
shis to being controlled by chemical ion exchange. When E >
16 kJ mol−1, particle diffusion becomes the dominant factor
inuencing adsorption.38 In this study, the adsorption energy
value obtained from the D–R isotherm was E = 3.15 kJ mol−1.
This relatively low value provides strong evidence that the
adsorption of RhB onto HA0.5 is primarily driven by physical
interactions.

In general, the Temkin isotherm model assumes that
adsorption enthalpies decrease linearly with an increase in
coverage and that binding energy is uniformly distributed up to
a certain maximum binding energy.39 However, the low tted
correlation coefficient for this model suggests that it is not
appropriate for describing the adsorption behavior observed in
this experiment. In contrast, the Freundlich model, which
exhibits a signicantly higher correlation coefficient, provides
a better description of the RhB adsorption behavior. The
experimental adsorption process on the surface can be attrib-
uted to a multi-layer adsorption mechanism occurring on
a heterogeneous surface.

3.6. Adsorption kinetics study

The potential mechanisms of dye adsorption and the possible
rate-controlling steps can be investigated by establishing
kinetic models.40 This study presents the calculated parameters
and validation outcomes for four kinetic models as shown in
Table 3. The results of linear tting are illustrated in Fig. 9.

Where, qe and qt are the amounts of RhB sorbed (mg g−1) at
equilibrium and at any time, t respectively, and k1 is the pseudo-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fitting diagram of RhB adsorption isotherm models, (a) Langmuir model, (b) Freundlich model, (c) Temkin model and (d) D–R model.

Fig. 9 RhB adsorption kinetics model fitting diagram, (a) pseudo-first-order model, (b) pseudo-second-order model, (c) Elovich model and (d)
intraparticle diffusion model.
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rst order rate constant. k2 (g mg−1 min−1) is the pseudo-second
order rate constant The values of qe, k2, and the correlation
coefficients are summarized in Table 3. The pseudo-rst-order
and pseudo-second-order kinetic models are presented in
Fig. 9(a) and (b). The R2 values of the pseudo-rst-order kinetic
model and the pseudo-second-order kinetic model are 0.8699
and 0.9999 respectively. The high regression correlation coeffi-
cient for the pseudo-second-order model indicates that the
adsorption of RhB dye molecules on the surface follows pseudo-
second-order kinetics. Consequently, chemisorption serves as
the primary rate-determining step. Specically, the adsorption
process involves chemical reactions occurring between the
adsorbent and the adsorbate.41 In the Elovich model, the
parameter a (mg g−1 min−1) represents the initial adsorption
rate, while b (g mg−1) denotes the desorption constant, which is
associated with surface coverage and the activation energy of
chemisorption. Fig. 9(d) illustrates the multi-step diffusion of
RhB from the liquid phase to the solid surface and within the
particle. Initially, diffusion occurs through the liquid lm
surrounding the adsorbent, indicating a momentary adsorption
process. This is followed by diffusion into larger pores and
nally into some internal pores. The curve does not pass
through the origin, suggesting that this experiment involves
both intra-particle diffusion and surface lm diffusion
processes, but these are not the sole rate-controlling steps.42

These comprehensive kinetic analyses collectively demon-
strate that although multiple processes contribute to the
adsorption mechanism, the pseudo-second-order model
provides the most accurate description of the observed
adsorption behavior, thereby highlighting the predominance of
chemisorption in this system (Table 3).
Fig. 10 Possible interaction between RhB and HA0.5.
3.7. Adsorption thermodynamics study

Thermodynamics links the adsorption isotherm to the equi-
librium state, elucidating the spontaneity of the adsorption
process. To explore the thermodynamic behavior of RhB
adsorption onto HA0.5, a detailed thermodynamic analysis was
performed for RhB at an initial concentration of 20 mg L−1

across a temperature range of 25 to 45 °C. Gibbs free energy
(DG0) is a critical indicator of the spontaneity of the adsorption
process. The enthalpy change (DH0) reveals whether the reac-
tion is endothermic or exothermic, while the entropy change
(DS0) offers insight into the degree of disorder within the
system. These thermodynamic parameters—Gibbs free energy
(DG0), enthalpy change (DH0), and entropy change (DS0) can be
quantitatively determined using the following equations.

It is evident that an increase in temperature from 298.15 to
318.15 K leads to a more negative DG0 for RhB adsorption,
Table 4 Thermodynamic parameters for the RhB adsorption

RhB (mg L−1) DG0 (kJ mol−1)

20 mg L−1 298.15 K 303.15 K 308.15 K 31
−9.9 −11.9 −12.4 −1

27054 | RSC Adv., 2025, 15, 27046–27056
indicating that higher temperatures improve the thermody-
namic favorability of the adsorption process and enhance the
affinity of HA0.5 for RhB. All DG0 values are negative, conrm-
ing that the adsorption process is thermodynamically favorable
and spontaneous at all tested temperatures, with increased
spontaneity as temperature rises (Table 4). Typically, DG0 values
ranging from −20 to 0 kJ mol−1 suggest physical adsorption.43

The positive enthalpy change (DH0) indicates that the adsorp-
tion process is endothermic. The positive value of DS0 reects
an increase in randomness at the solid–liquid interface due to
RhB occupying active sites on the HA0.5 surface. This increase
in randomness can be attributed to the greater translational
entropy gained by displaced water molecules compared to the
entropy loss associated with dye uptake.44

DG0 = −RT lnKc (4)

LnKc = DS0/R − DH0/RT (5)

Kc = qe/Ce (6)

3.8. Adsorption mechanism

The sulfate groups of SDS interact with the positively charged
Ca2+ ions in aqueous solution to form zwitterions. In the Ca2+

rich domain, contact with PO4
3− ions in the aqueous environ-

ment promotes the formation of HAP particles. The electrostatic
affinity between SDS and Ca2+ ions facilitates the production of
highly ordered HAP crystals.45 Through the interaction between
positive and negative charges in the reaction solution, the (^P–
O–) and (^P–O–H) active sites on the HAP surface are signi-
cantly increased, leading to electrostatic interactions with the
(]N+) groups of RhB. Simultaneously, the characteristic peak
intensity of the (PO4

3−) group decreases compared to its pre-
DH0 (kJ mol−1) DS0 (J mol−1 K−1)

3.15 K 318.15 K 53.2 212.9
3.2 −14.6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption state. In the thermodynamic study, this experiment
primarily involves physical adsorption, forming hydrogen bond
interactions between the adsorbent's (^P–OH) groups and the
(]N) groups in RhB.46 Additionally, there may be Lewis acid–
base interactions involving Ca2+ ions (Fig. 10).
4. Conclusion

In summary, SDS-HAP was synthesized via the sol–gel method
to develop an adsorbent with superior biocompatibility, opti-
mized microstructure, and high-efficiency dye adsorption
capabilities. The incorporation of SDS signicantly enhanced
the dye adsorption capacity of pure HAP. Specically, the mes-
oporous HA0.5 sample exhibited a specic surface area of 136.8
m2 g−1 and an equilibrium adsorption capacity of 44.1 mg g−1

for RhB. Experimental data showed excellent agreement with
the Freundlich isotherm model, indicating multilayer adsorp-
tion behavior. The pseudo-second-order kinetic model accu-
rately described the adsorption kinetics. Thermodynamic
studies revealed that the adsorption process was spontaneous,
endothermic, and predominantly physical in nature. Notably,
unlike many other adsorbents, this material's performance was
minimally affected by pH variations, a distinctive feature of
HAP. It has the potential to remove various cationic dyes and is
expected to become a green, efficient, and economical novel
adsorbent, facilitating broader applications in environmental
protection.
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