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A B S T R A C T

Fly ash (FA), a fine particulate residue produced from the combustion of coal in thermal power plants, is 
generated in substantial quantities and presents significant challenges related to its environmental management 
and disposal. Repurposing FA can mitigate waste accumulation while contributing to sustainable environmental 
solutions. One promising approach is utilising FA as an adsorbent for removing pollutants from aqueous solu
tions, particularly emerging contaminants (ECs).

In this study, silica nanoparticles were synthesised from FA (FA-SiNPs) and subsequently modified with iron to 
produce Fe-SiNPs. As a control, silica nanoparticles were synthesised directly from a sodium silicate solution 
(SSSNPs). The different silica nanoparticles were used as adsorbents to remove tetracycline (TC) from aqueous 
solutions under identical conditions, to compare their adsorption performance. Under the identical conditions, 
Fe-SiNPs demonstrated superior performance, achieving 59 % removal of TC, compared to 30 % and 20 % 
removal by FA-SiNPs and SSSNPs, respectively. The enhanced adsorption capacity of Fe-SiNPs was attributed to 
the presence of iron, which facilitated TC removal through chelation. Upon optimisation of experimental pa
rameters, a maximum TC removal efficiency using Fe-SiNPs of 86 % was observed at the optimal dosage of 5 g/L 
within a pH range of 4 to 5. The adsorption kinetics were best described by the Elovich model, whereas the 
equilibrium data fitted the Langmuir isotherm model with a maximum adsorption capacity of 32.31 mg/g at 30 
◦C. Thermodynamic analysis revealed that the adsorption process was both spontaneous and exothermic in 
nature. The adsorption of TC on Fe-SiNPs involved chemisorption, electrostatic attraction and hydrogen bonding. 
This study highlights the potential of FA-derived silica nanoparticles, particularly Fe-SiNPs, as cost-effective and 
sustainable adsorbents for TC removal from contaminated water.

1. Introduction

Water is a limited yet essential resource for all living organisms [1]. 
However, its availability is increasingly threatened by pollution, which 
poses severe risks to both human health and the environment [2]. 
Among the various pollutants, emerging contaminants (ECs), such as 
endocrine-disrupting chemicals (EDCs), pharmaceuticals and personal 
care products (PPCPs), have gained significant attention due to their 
persistence in the environment and high toxicity to microorganisms [3]. 
Tetracycline (TC) is a known emerging contaminant and one of the most 
commonly used antibiotics in human and veterinary medicine [4]. More 
than 70 % of tetracycline antibiotics are excreted from the body either in 
their unmetabolized form or as active/inactive metabolites [5]. Waste
water treatments that rely on biological processes are ineffective at 
degrading tetracycline and its metabolites. Thus, TC may be persistent in 

the wastewater system and disrupt the activated sludge treatment sys
tem of wastewater treatment plants. As a result, tetracycline can enter 
the aquatic environment through the direct discharge of effluents from 
wastewater treatment plants [6].

The presence of tetracycline in the environment can promote the 
development of antibiotic-resistant bacteria which is detrimental to 
human and animal health. Additionally, TC has a long-term persistence 
in the environment, due to its high chemical stability [7]. There are 
various treatments methods available for the removal of tetracycline 
from aqueous solutions including, photocatalytic degradation, adsorp
tion, membrane separation, ozonation, phytoremediation [4]. Adsorp
tion stands out as an environmentally friendly and efficient method, 
offering several advantages, including low energy consumption and 
minimal maintenance costs [8]. Many commercial adsorbents, such as 
activated carbon and graphene, are highly efficient but can be costly [9]. 
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Alternatively, low-cost adsorbents sourced from industrial waste, such 
as coal fly ash, and agricultural waste, including sugar beet pulp and rice 
husk, provide a more economical and sustainable alternative [10].

Fly ash (FA) is a solid by-product generated from coal combustion for 
electricity production. In 2015, approximately 750 million tonnes of FA 
were produced, yet only about 25 % of the total generated FA was uti
lized [11]. Fly ash is considered as a hazardous material as it contains 
various heavy metals, such as lead (Pb), cadmium (Cd), mercury (Hg), 
molybdenum (Mo) [12]. Consequently, FA that is not utilised must be 
stored in dry specialised landfills or in ash ponds [13,14]. Dry disposal of 
fly ash requires a large area which may not be readily available and will 
incur high costs [15]. Ash ponds can reduce the amount area required 
but if they are inadequately lined, the toxic elements present in the fly 
ash can leach out and contaminate groundwater aquifers [16].

The sol-gel method is one of the simplest and most efficient ap
proaches for synthesizing silica nanoparticles (SiNPs) [17]. However, 
conventionally used silica precursors for sol-gel methods such as tetra
methyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) are 
expensive [18]. The large silica content in fly ash can be utilised as a 
silica precursor for the production of silica nanoparticles (SiNPs) [19,
20]. Leveraging fly ash as a low-cost silica source not only supports 
waste valorisation but also promotes more sustainable and economically 
viable silica nanoparticle production. Aphane, Doucet [20] estimated 
that the use of one tonne of FA can yield approximately $33 million 
worth of silica nanoparticles, highlighting the significant economic po
tential of fly-ash derived silica nanoparticles. Beyond economic value, 
SiNPs are also effective adsorbents due to their stable structure, hy
drophilic nature, and large surface area. The adsorption efficiency of 
SiNPs can be further enhanced through surface modification [21]. Iron 
modification, in particular, has been shown to introduce active sites that 
facilitate surface complexation between TC molecules and iron on the 
surface of SiNPs, thereby significantly increasing the adsorption capac
ity [22,23].

A SCOPUS database search using the keywords ’Coal fly ash,’ ’Silica 
Nanoparticles,’ and ’Adsorption’ yielded only 12 relevant publications. 
However, none of these studies explored the use of fly ash silica nano
particles to remove emerging contaminants, particularly tetracycline. 
The study addresses this notable gap and explores the adsorption in
teractions between TC and SiNPs. This work is an extension on recent 
work surrounding coal fly ash waste valorisation [24].

This study aims to demonstrate that fly ash may be used to synthesize 
silica nanoparticles that can be effective in the removal of tetracycline 
from water and wastewater. In addition to FA-SiNPs, iron modified fly 
ash silica nanoparticles (Fe-SiNPs) were synthesised and as a compar
ator, sodium silicate derived silica nanoparticles (SSSNPs) were also 
synthesised. These nanoparticles were then characterised using XRD, 
XRF, BET, SEM and tested comparatively, focusing on Fe-SiNPs 
adsorption efficiency under varying conditions.

2. Materials and methods

2.1. Materials

Tetracycline (TC) was procured from Sigma-Aldrich, located in 
Steinheim, Germany. Fly ash (FA) was collected from Matla Power 
Station, situated in Kriel, Nkangala District, Mpumalanga Province, 
South Africa. Sodium hydroxide (NaOH) pellets, Hydrochloric acid 
(HCl, ∼32 %), and ferric chloride hexahydrate (FeCl3⋅6H2O) were ob
tained from Glassworld, South Africa. Deionised (DI) water used 
throughout this study was produced using an Elga Purelab purification 
system. was supplied by an Elga Purelab Chorus unit. Filtration was 
carried out using qualitative-grade Whatman No 40 filter paper, 
featuring a pore size of 8 µm.

2.2. Preparation of silica nanoparticles derived from fly ash (FA-SiNPs)

Sodium silicate was initially synthesised from the fly ash using the 
sequential acid–alkaline leaching (SAAL) method reported by Aphane, 
Doucet [20]. Hydrochloric acid leaching was used to reduce the alumina 
in the fly ash. Subsequently, sodium hydroxide was used to extract silica 
from the purified FA. Specifically, 10 g FA was used with 100 ml of a 10 
M HCl solution for the acid leaching. The mixture was magnetically 
stirred and heated under reflux conditions. A stirrer speed of 300 rpm, 
with a duration of 4 h and a temperature of 95 ◦C, was used to leach out 
the alumina from the FA. The acid leachate phase was then separated 
with centrifuging for 20 min at a temperature of 4 ◦C and a speed of 
9000 rpm. The remaining FA was washed once and dried overnight at 60 
◦C.

The FA extract recovered after acid leaching (approx. 7.5 g) was 
immersed in 100 ml of a 10 M NaOH solution. The mixture was then 
suspended in a silicone bath on a magnetic stirrer for a duration of an 
hour at a temperature of 95 ◦C, and a stirrer speed of 300 rpm. Using 
filter paper, the leachate (sodium silicate) was separated from the solid 
residue. The resulting sodium silicate solution (approx. 70–80 ml) was 
added to 20 ml of a 3 w/w % polyethylene glycol (PEG) solution. A 
LABOTEC ultrasonic water bath was used to first sonicate the PEG so
lution for 30 min at 55 ◦C prior to use. Subsequently, the sodium silicate 
solution was added slowly to the PEG solution while in an ultrasonic 
water bath (55 ◦C, 20 Hz).

The PEG-sodium silicate solution was slowly titrated with 5 M HCl to 
a pH of 4. After titration, the visible gel solution was left to sonicate for 
30 min. The gel solution was then covered and left to age overnight. The 
gel solution was centrifuged for 20 min at 4 ◦C and 9 000 rpm. The 
recovered gel was washed several times to remove Na+ and Cl- ions. 
Silver nitrate (AgNO3) was used to test the presence of Na+ and Cl- ions. 
If no AgCl precipitate was observed in the supernatant of the wash 
water, the washing was deemed to be complete. The final product was 
calcined at 650 ◦C for 2 h.

An aliquot of 5 g of the synthesised silica nanoparticles was added to 
250 ml of 1 M HCl and stirred on a magnetic stirrer for 3 h at 110 ◦C and 
300 rpm under reflux conditions. The resulting nanoparticles were 
centrifuged for 20 min at 4 ◦C and 9 000 rpm and calcined at 400 ◦C for 2 
h. The product was denoted as FA-SiNPs.

2.3. Preparation of iron-modified silica nanoparticles (Fe-SiNPs) from 
FA-SiNPs

The iron impregnation synthesis method was adopted from Kiprono, 
Kiptoo [25]. This entailed adding 5 g of FA-derived silica nanoparticles 
to 25 ml of a 74 mM FeCl3⋅6H2O solution. The pH of the mixture was 
then adjusted to 7 and then stirred on a shaking table for a duration of an 
hour at 250 rpm and room temperature. Afterwards, the solution was 
centrifuged for 20 minutes at 4 ◦C and 9 000 rpm, washed twice, and left 
to dry overnight at 60 ◦C. Finally, the resulting powder was calcined for 
6 h at 500 ◦C. The product was denoted as Fe-SiNPs.

2.4. Preparation of silica nanoparticles derived from sodium silicate 
solution (SSSNPs)

The silica nanoparticles synthesis from sodium silicate solution was a 
variation of the synthesis from the fly ash. 5 ml of sodium silicate was 
diluted with 95 ml of DI water and the solution was stirred using a 
magnetic stirrer placed in a silicone oil bath for 1 h at 95 ◦C and 300 
rpm. Note that the synthesis follows the exact same steps shown in the 
preparation of FA-SiNPs, from the addition of the sodium silicate to the 
PEG solution to the calcination. Note there was no post acid purification 
required. Fig. 1 presents a scheme of experiments for the adsorbents.
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2.5. Adsorption experiments

Preliminary adsorption tests were conducted with FA-SiNPs, SSSNPs, 
and Fe-SiNPs to compare and identify the most effective adsorbent for 
TC removal. Based on the outcomes of preliminary tests, the rest of the 
experiments were then carried out with Fe-SiNPs. The experimental 
parameters employed in the adsorption studies are summarized in 
Table 1.

Batch adsorption experiments were performed in triplicates with the 
results shown being the mean of the triplicates. A 200-ppm tetracycline 
stock solution was diluted with deionized water to prepare the experi
mental solutions. All adsorption experiments were conducted in tripli
cates and the results shown are the mean of the triplicates. An orbital 
shaking table operating at 250 rpm was used to agitate the samples. 
After each experiment, a 2 mL sample was centrifuged at 10 000 rpm for 
one minute to isolate the adsorbent, and the TC concentration was 
analysed from the resulting supernatant. A 1:1 dilution of the superna
tant was performed with 0.1 M NaOH before analysis. At elevated pH 
levels, TC predominantly exists in its dianionic form (TC²⁻), which 
exhibited an intensified yellow colour, enhancing detection via UV–Vis 
spectrophotometry. A VWR UV-1600 PC spectrophotometer in a scan
ning range of 500 nm to 300 nm at 1 nm intervals was used from 
determine the initial and final TC concentrations. Note that absorbance 
at peak wavelength of 381 nm was used to develop the calibration curve.

2.6. Adsorbent characterization

X-ray diffraction (XRD) analysis was performed using a PANalytical 
X’Pert Pro system in θ-θ geometry, featuring an X’Celerator detector. 
The instrument employed variable divergence slits, fixed receiving slits, 
and Co-Kα radiation (λ=1.789 Å) filtered through an Fe filter. X’Pert 

Fig. 1. Scheme of experiments for the adsorbents.

Table 1 
Summary of the conditions and parameters used in the Fe-SiNPs adsorption 
experiments.

Study Type Adsorbent(s) 
used

Key parameters

Initial Screening FA-SiNPs, 
SSSNPs, 
Fe-SiNPs

Co 
(ppm)

Ph Dosage 
(g/L)

Time 
(h)

100 5 5 0.5
Dosage effect Fe-SiNPs 50 5 1–10 2
pH effect Fe-SiNPs 70 2–9 5 2
Kinetics Fe-SiNPs 70 5 5 –
Isotherms Fe-SiNPs 90–140 5 5 6
Thermodynamics 

study
Fe-SiNPs Temperature: 30 ◦C, 40 ◦C, 50 ◦C
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Highscore plus software was utilized to determine the mineralogy of the 
samples by matching diffraction pattern of the sample with the ICSD 
database. X-ray fluorescence (XRF) spectroscopy was performed using a 
Thermo Fisher ARL Perform’X sequential XRF spectrometer equipped 
with Uniquant software. The specific surface area was determined by 
nitrogen physisorption at 77.35 K using a Micromeritics TriStar II 
analyzer. Prior to measurements, samples were degassed under vacuum 
at 110 ◦C for 18 h. SEM analysis was conducted on a Zeiss Crossbeam 
540 FEG SEM instrument to evaluate the morphology of the synthesized 
materials. The instrument used an Oxford instruments detector and 
Aztec 3.0 software SP1. Samples for SEM analysis were carbon coated 
prior to analysis with a SEM auto-coating unit E2500 (Polaron Equip
ment Ltd).

Fig. 2

3. Results and discussion

3.1. XRD analysis

The XRD analysis focuses on the crystallinity of the silica nano
particles. The XRD patterns for FA-SiNPs, SSSNPS, and Fe-SiNPs are 
shown in Fig. 3. None of the materials exhibit sharp peaks but only a 
single broad peak centred at 2θ = 25◦, this indicates the amorphous 
nature of the materials [26]. There was also no observable change in 
crystallinity due to the modification of FA-SiNP to form Fe-SiNPs.

3.2. XRF analysis

The chemical composition of FA-SiNPs, SSSNPs, and Fe-SiNPs is 
shown in Table 2. Both FA-SiNPs and SSSNPs had a high silicon content, 
exceeding 90 wt %, indicating the successful synthesis of silica-rich 
nanoparticles. FA-SiNPs contained 94.45 wt % SiO2 with trace 
amounts aluminium (0.14 wt %) and titanium (0.07 wt %), most likely 
originating of the FA precursor. In contrast, SSSNPs, synthesized from 
pure sodium silicate, demonstrated a silica content of 91.83 wt % and 
showed virtually no impurities. While FA can serve as a viable precursor 
for the synthesis of high-silica-content nanoparticles, the need for 
extensive acidic treatment to eliminate impurities presents a drawback 
when compared to the synthesis from chemical-grade sodium silicate. 
Fe-SiNPs, synthesised through iron modification of FA-SiNPs, showed a 
notably 1.91 % iron content, confirming successful iron modification.

3.3. Surface area and morphology analysis

The SEM images of FA-SiNPs, SSSNPs, and Fe-SiNPs are displayed in 
Fig. 4. The surface morphology of all adsorbents is characterized by 
spherical particles with sizes of ≤ 200 nm. Notably, the morphology 

remained unchanged following iron modification.
Table 3 summarizes the specific surface areas of FA-SiNPs, SSSNPs, 

and Fe-SiNPs as determined by BET analysis. Among these, SSSNPs 
exhibited the highest specific surface area of 305 m2/g, while FA-SiNPs 
had a specific surface area of 140 m2/g, which is approximately half that 
of SSSNPs. As depicted in Fig. 4, FA-SiNPs formed large agglomerates of 
nanoparticles, in contrast to SSSNPs. This agglomeration reduces the 
available interfacial area, thereby decreasing the surface area [27]. The 
formation of large agglomerates in FA-SiNPs synthesis could be attrib
uted to the presence of impurities, primarily aluminum and iron. These 
impurities may act as coagulating agents, promoting excessive coagu
lation of colloidal silica, which leads to the development of large ag
glomerates. This underscores the importance of the pre-acidic treatment 
during the synthesis process as it could impact the surface area of the 
synthesised FA-SiNPs. The specific surface area of Fe-SiNPs was lower 
than that of the parent FA-SiNPs, likely due to the loading of iron oxide 
onto the surface of FA-SiNPs [28].

3.4. Comparative evaluation of adsorbents for tetracycline (TC) removal

Initial adsorption screening of FA-SiNPs, SSSNPs, and Fe-SiNPs was 
conducted under identical experimental conditions to assess their 
comparative performance for tetracycline removal. The percentage re
movals of TC for FA-SiNPs, SSSNPs, and Fe-SiNPs are shown in Fig. 5. 
FA-SiNPs and SSSNPs demonstrated relatively low percentage removals, 
at 30 % and 20 %, respectively. The slightly higher percentage removal 

Fig. 2. Synthesised materials - (a) SSSNPS, (b) FA-SiNPs, and (c) Fe-SiNPs.

Fig. 3. XRD Patterns for FA-SiNPs, SSSNPS, and Fe-SiNPs.
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observed for FA-SiNPs was attributed to the presence of small impu
rities, such as aluminum.

Fe-SiNPs had the highest percentage removal at 59 %. The high 

percentage removal was attributed the presence of iron in Fe-SiNPs. 
Zhang, Lan [22] observes that the adsorption characteristics of TC can 
be improved by the presence of iron in the adsorbent, owing to surface 
complexation between TC, a chelating agent, and iron. Note that all 
further adsorption studies carried out were conducted with Fe-SiNPs.

3.5. The effect of adsorbent dosage

Fig. 6(a) shows the effect of the adsorbent dosage of Fe-SiNPs on the 

Table 2 
Chemical composition of FA-SiNPs, SSSNPs, and Fe-SiNPs.

Oxides (wt %) SiO2 Al2O3 Fe2O3 Na2O K2O P2O5 MgO TiO2 CaO CuO LOI*

FA-SiNPs 94.45 0.14 0.01 0.05 0 0 0.03 0.07 0.01 0 5.23
SSSNPs 91.83 0 0.02 0.02 0 0.02 0.02 0.01 0.01 0 8.06
Fe-SiNPs 91.38 0.55 1.91 0.56 0.1 0.09 0.08 0.07 0.03 0.02 5.19

LOI* - Loss on Ignition.

Fig. 4. SEM images for (a & b) FA-SiNPs, (c & d) SSSNPs, and (e & f) Fe-SiNPs. Note that the magnification for (a), (c), (e) is 25 000 and for (b), (d), (f) is 140 000.

Table 3 
Specific surface area for FA-SiNPs, SSSNPs, and Fe-SiNPs using BET method.

Material FA-SiNPs SSSNPs Fe-SiNPs

Specific surface area (m2/g) 140.6 305 110.83
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removal of TC. Increasing the dosage of Fe-SiNPs increased the per
centage removal of TC. However, after a dosage of 5 g/L, the increase in 
percentage removal was marginal, at only about 5 %. Therefore, 5 g/L 
was the optimal dosage, as there was no substantial increase in the 
percentage removal of TC after a dosage of 5 g/L.

3.6. The effect of pH

Fig. 6(b) shows the effect of pH on the removal of TC on Fe-SiNPs. 
Fig. 7(a) presents the speciation profile of tetracycline and Fig. 7(b) 
shows the zeta potential of Fe-SiNPs over various pHs. The maximum 
percentage removal was observed at pHs 4 and 5; therefore, the optimal 
pH was 4 - 5. At the optimized dosage and optimized pH range, the 
maximum TC removal using Fe-SiNPs was 86 %. At pHs of 4 - 5, TC is 
neutral while Fe-SiNPs is negatively charged. At pHs of 4 - 5, TC can be 
absorbed as a cationic species. This suggests there is an electrostatic 
attraction at pHs 4 and 5. Tetracycline adsorption declined at pH values 
below 4, where TC predominantly exists in its cationic form and the Fe- 
SiNPs surface becomes less negatively charged, thereby weakening 
electrostatic attraction. Similarly, at pH values above 5, adsorption ef
ficiency also decreased due to the anionic nature of TC and the 

negatively charged surface of Fe-SiNPs, resulting in electrostatic repul
sion that hinders adsorption. Zhang, Lan [22] utilised amino-Fe (III) 
functionalized SBA15 to adsorb TC and similarly observed an optimal 
pH around 4–5, attributed to the amphoteric nature of TC.

3.7. Adsorption kinetics study

Nonlinear regression was used to model the adsorption kinetic 
models. The pseudo first order model (PFO), pseudo second order model 
(PSO), Elovich model and the Langmuir kinetic model, presented in Eqs. 
(1), (2), (3) and (4), were used to describe the adsorption kinetics [29]: 

qt = qe
(
1 − e− k1 t) (1) 

qt =
k2q2

e t
1 + k2qet

(2) 

qt =
1
β

ln (1+ αβt) (3) 

dqt

dt
= kaCt

(

1 −
qt

qmax

)

− kd
qt

qmax
(4) 

where k1(1/min) and k2 (g/(mg⋅min) represent the rate constants for the 
PFO and PSO, qmax (mg/g) denotes the maximum adsorption capacity 
constant, α is initial adsorption rate (mg⋅g− 1⋅min− 1); β is the adsorption/ 
desorption constant (g/mg), ka (L/g/min), kd (mg/L/min) correspond to 
the adsorption and desorption rate constants for the Langmuir kinetic 
model. The kinetic parameters for the adsorption of TC in Fe-SiNPs are 
shown in Table 4.

3.8. Adsorption isotherms

Similarly, nonlinear regression was used to model the adsorption 
isotherms. The Langmuir isotherm model, Freundlich isotherm model, 
and the Temkin isotherm model, given in Eqs. (5), (6), and (7), were 
used to describe the adsorption isotherms [30]: 

qe =
qmKLCe

1 + KLCe
(5) 

qe = Kf C
1
n
e (6) 

qe = BTln (ATCe) (7) 

Fig. 5. The TC removal efficiency achieved with FA-SiNPs, SSSNPs, and Fe- 
SiNPs under the following conditions – pH: 5, Dosage: 5 g/L, Co: 100 ppm, 
contact time: 0.5 h.

Fig. 6. (a) % Removal of TC versus adsorbent dosage (conditions – pH: 5, Co: 50 ppm, contact time: 2 h), and (b) % Removal of TC versus pH (conditions – Dosage: 5 
g/L, Co: 70 ppm, contact time: 2 h).
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where qm (mg/g) represents the maximum adsorption capacity; KL (L/ 
mg) is the Langmuir constant; Kf is the Freundlich isotherm constant 
(mg/g), n denotes the adsorption intensity, BT (J/mol) Temkin constant 
related to heat of sorption, and AT (L/mg) is Temkin equilibrium binding 
constant. The adsorption isotherms of TC on Fe-SiNPs at 30 ◦C, 40 ◦C and 
50 ◦C fitted with all the isotherm models are presented in Fig. 8

Table 5 summarizes the parameters and statistical metrics associated 
with each adsorption isotherm model. The Langmuir isotherm model 
exhibited the lowest squared error and highest R2 values across all 
temperatures except at 40 ◦C, indicating it most accurately describes the 
tetracycline adsorption isotherms. This superior fit implies that tetra
cycline adsorption onto Fe-SiNPs predominantly occurs via monolayer 
coverage on a homogeneous surface [31]. Table 6 presents the 
maximum adsorption capacities (qm) of similar adsorbents to Fe-SiNPs 
for tetracycline removal.

3.9. Adsorption thermodynamics study

The Gibbs free energy (ΔG∘) was calculated using to Eq. (8), while 
the entropy change (ΔS∘) and enthalpy change (ΔH∘) were derived from 
the linear van Hoff’s equation shown in Eq. (9). The dimensionless 
constant, Keq, was determined from the Langmuir constant, KL, ac
cording to Eq. (10). 

ΔG∘ = − RT ln
(
Keq

)
(8) 

ln
(
Keq

)
=

ΔS∘

R
−

ΔH∘

RT
(9) 

Keq = KL × 1000 × Mw ×
C∘

Absorbate

γAbsorbate
(10) 

where T (K) is the absolute temperature, R is the universal gas constant 
(8.314 J/mol/K), and Keq is the standard thermodynamic equilibrium 
constant of adsorption, Mw (g/mol) is the molecular weight of the 
absorbate, C∘

absorbate (mol/L) is the standard concentration of the 
adsorbate, and γabsorbate is the activity coefficient of the adsorbate [37,
38].

Table 7 summarizes the thermodynamic parameters for the adsorp
tion of tetracycline on Fe-SiNPs. A negative value of ΔG◦ indicates a 
spontaneous adsorption process. The negative ΔS◦ indicated decreased 
randomness at solid/solution interface during adsorption [39]. The 
value of ΔH◦ was negative, indicating that the adsorption process was 
exothermic. Molina-Calderón, Basualto-Flores [40] noted that an 
enthalpy change above 80 kJ/mol (ΔH◦>80 kJ/mol) suggests that 
adsorption process involved chemisorption (surface complexation).

3.10. Adsorption mechanism of TC on Fe-SiNPs

The FTIR spectra of Fe-SiNPs before and after adsorption of TC are 

Fig. 7. (a) Speciation profile of tetracycline and (b) zeta potential of Fe-SiNPs at various pHs.

Table 4 
Kinetic model parameters and associated statistical metrics for tetracycline 
adsorption.

Kinetic Model Kinetic Parameters Statistical Parameters

PFO qe (mg/g) 14.78 SE 37.51
k1 (1/min) 0.19 R2 0.84

PSO qe (mg/g) 15.36 SE 16.91
k2 (g/mg/min) 0.03 R2 0.93

Elovich α (mg/g/min) 78.69 SE 0.89
β (g/mg) 0.55 R2 0.996

Langmuir kinetic ka (L/g/min) 0.053 SE 20.91
kd (mg/L/min) 0 R2 0.91
qmax (mg/g) 15.25 ​ ​

SE - Squared Error.

Fig. 8. Adsorption isotherms of TC on Fe-SiNPs at 30 ◦C, 40 ◦C, and 50 ◦C were 
fitted using Langmuir, Freundlich, and Temkin models under the following 
experimental conditions: pH 5, adsorbent dosage 5 g/L, and contact time of 
6 hours.
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presented in Fig. 9. The absorption band observed at 460 – 430 cm⁻¹ is 
attributed to the bending vibration of the Fe–O bond in Fe2O3 [41]. The 
band at 1050 − 990 cm-1 and 810 − 790 cm-1 are attributed to the 
antisymmetric and symmetric stretching vibrations of Si–O–Si, respec
tively [19,41]. The broad absorption band between 3700 and 3000 cm⁻¹ 
corresponds to the stretching vibrations of hydroxyl (–OH) groups [42]. 
The absorption band 1640 – 1590 cm-1 is associated with the stretching 
vibration of C = O groups [22].

Notably, shifts were observed in the C = O (1640 − 1590 cm-1) and 

OH (3700 − 3000 cm-1) bands after TC adsorption. According to Zhang, 
Lan [22], the shift in the C = O band after adsorption (1640 − 1590 
cm-1) indicates complexation between TC and Fe(III). Similarly, Bello 
[43] reported that broadening of the OH group after adsorption signifies 
hydrogen bonding between the absorbate and adsorbent.

The adsorption thermodynamic studies and the effect of pH sug
gested that the interaction between TC and Fe-SiNPs involved chemi
sorption and electrostatic attraction. Consequently, the adsorption 
mechanism can be attributed to surface complexation (chemisorption), 
electrostatic attraction, and hydrogen bonding.

4. Conclusions

This study demonstrated that fly ash may be used to synthesise silica 
nanomaterials that may remove tetracycline from water and/or waste
water. Among the synthesised materials, Fe-SiNPs exhibited the highest 
TC removal of 59 %, outperforming FA-SiNPs and SSSNPs under iden
tical conditions. The enhanced performance of Fe-SiNPs was attributed 
to its iron content, which increased the complexation between TC and 
Fe-SiNPs. The optimal dosage and pHs for TC adsorption using Fe-SiNPs 
were 5 g/L and pH 4 - 5, respectively. At the optimised dosage and pH, 
Fe-SiNPs achieved a maximum TC removal of 86 %. The adsorption 
kinetics of TC on Fe-SiNPs followed the Elovich model, as indicated by 
the smallest squared error and highest R2 value. The adsorption iso
therms of tetracycline (TC) on Fe-SiNPs were most accurately modelled 
by the Langmuir isotherm, indicating monolayer adsorption onto a ho
mogeneous surface. Thermodynamic analysis revealed that the adsorp
tion process was endothermic and spontaneous. The overall adsorption 
mechanism was attributed to chemisorption via surface complexation, 
electrostatic interactions, and hydrogen bonding. Overall, the findings 
suggest that Fe-SiNPs presents a viable and sustainable solution for 
tetracycline removal in water and wastewater treatment. Further work 
should investigate the development Fe-SiNPs-based beads for applica
tion in continuous flow adsorption systems.
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Table 5 
Parameters and statistical metrics of adsorption isotherm models for tetracycline 
adsorption onto Fe-SiNPs at 30 ◦C, 40 ◦C, and 50 ◦C.

Isotherm Model Temperature

30 ◦C 40 ◦C 50 ◦C

Langmuir isotherm model
Isotherm Constants
qm (mg/g) 32.31 65.36 291.70
KL (L/mg) 0.241 0.097 0.014
Statistical Parameters ​ ​ ​
Squared Error 3.04 4.51 1.14
R2 0.927 0.948 0.988
Freundlich isotherm model ​ ​ ​
Isotherm Constants ​ ​ ​
Kf (mg/g) 15.32 8.90 4.64
n 5.56 1.80 1.11
Statistical Parameters ​ ​ ​
Squared Error 6.93 6.42 1.21
R2 0.834 0.926 0.987
Temkin isotherm model ​ ​ ​
Isotherm Constants ​ ​ ​
BT (J/mol) 11.88 0.71 0.40
AT (L/mg) 4.82 16.43 26.28
Statistical Parameters ​ ​ ​
Squared Error 5.87 4.04 1.72
R2 0.86 0.954 0.980

Table 6 
Maximum tetracycline adsorption capacities for various adsorbents.

Absorbent qm 

(mg/ 
g)

Temperature 
( ◦C)

Co (mg/L) SBET 

(m2/g)
Reference

Fe-MSNs 56.98 25 0.005–450 226 [32]
Fe3O4/SiO2/ 

CTAB–SiO2

220.7 25 25–360 158.4 [33]

Ni-Fe with silica 
template

90.9 30 – 92 [34]

Amino-Fe(III) 
functionalized 
mesoporous 
silica

23.95 25 0–111 249 [35]

Silica magnetic 
nanoparticles

61.73 25 20–200 – [36]

Amino-Fe(III) 
functionalized 
SBA15

43.07 25 0–90 245.29 [22]

Fe-SiNPs 65.36 40 90–140 110.83 This 
study

Co: Initial concentration, SBET: Surface area.

Table 7 
Thermodynamic parameters for the adsorption of tetracycline on Fe-SiNPs.

Temperature 
(K)

Keq ΔG∘ (kJ/ 
mol)

ΔH∘ (kJ/ 
mol)

ΔS∘ (kJ/ 
mol)

R2

303.15 107 
175.80

− 29.19 − 114.05 − 0.278 0.953

313.15 42 
979.88

− 27.78 ​ ​ ​

323.15 6 439.32 − 23.56 ​ ​ ​
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