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ABSTRACT

Emerging contaminants (ECs) like tetracycline (TC) are generated from various human

activities, such as pharmaceutical manufacturing, agricultural runo�, and wastewater

discharge. The presence of TC poses severe risks to the environment and public health.

Various methods have been proposed for removing TC from water, such as chemical

precipitation, membrane �ltration, and advanced oxidation processes. However, adsorp-

tion has gained prominence as an e�ective method for removing tetracycline due to its

simplicity, cost-e�ectiveness, and ability to achieve high removal e�ciencies. Fly ash is

a hazardous byproduct of coal combustion, often discarded in land�lls, posing environ-

mental risks. However, it can be repurposed into low-cost adsorbents through various

modi�cations and treatments. Utilizing �y ash-derived adsorbents for tetracycline re-

moval not only helps reduce waste but also provides an eco-friendly and cost-e�ective

alternative to conventional, more expensive adsorbents. This study aimed to develop

and evaluate various �y ash (FA)-derived adsorbents for TC removal, leveraging waste

materials for environmental sustainability.

Firstly, FA was acid-treated with hydrochloric acid to produce acid-modi�ed FA (AM-

FA). Secondly, FA was base-treated with sodium hydroxide to yield base-modi�ed FA

(BM-FA). Additionally, Zeolite Na-P1 (ZNa-P1) was synthesized from FA using hy-

drothermal treatment. These three adsorbents were subjected to adsorption tests to

compare their adsorption performance. Furthermore, silica nanoparticles (SiNPs) were

derived from FA (FA-SiNPs) and subsequently FA-SiNPs was doped with iron to cre-

ate Fe-SiNPs. For comparison, silica nanoparticles were also synthesized directly from

a pure sodium silicate solution (SSSNPs). All silica nanoparticle-based adsorbents (i.e.

FA-SiNPs, Fe- SiNPs, SSSNPs) underwent adsorption tests to compare their adsorption

e�ciency.

The comparative adsorption test among FA, AM-FA, BM-FA and ZNa-P1 revealed that

BM-FA and ZNa-P1 removed 76 % and 90 % of TC, respectively, compared to 35 % with

unmodi�ed FA. AM-FA had the lowest performance, removing just 11 % of TC. ZNa-P1's

superior performance was linked to its high zeolite purity, with a high cation exchange

capacity (CEC) of 6.37 meq/g and a surface area of 35.7 m2/g. BM-FA, had a larger

surface area of 110.8 m2/g, but exhibited a lower CEC of 3.42 meq/g. The adsorption

e�ciency of these adsorbents was more closely related to CEC than surface area. Optimal

TC removal with ZNa-P1 was achieved at 7.5 g/L dosage and pH 5. The adsorption of

TC on ZNa-P1 followed pseudo-second-order kinetics and the Langmuir isotherm model,

with a maximum capacity of 46.34 mg/g at 30 ◦C. Thermodynamic studies with ZNa-P1

indicated that the process was spontaneous and endothermic. The adsorption mechanism

of TC on ZNa-P1 involved ion-exchange, hydrogen bonding, and electrostatic attraction.
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The comparative adsorption tests among FA-SiNPs, SSSNPs, and Fe-SiNPs revealed that

Fe-SiNPs demonstrated superior performance, removing 59 % of tetracycline, compared

to 30 % and 20 % removal by FA-SiNPs and SSSNPs, respectively. The enhanced removal

e�ciency of Fe-SiNPs was attributed to the iron content, which facilitated TC adsorption

through chelation. Optimal TC removal using Fe-SiNPs was achieved at a dosage of 5

g/L and within a pH range of 4− 5. The adsorption of TC on Fe-SiNPs followed Elovich

kinetics and the Langmuir isotherm model, with a maximum capacity of 32.31 mg/g

at 30 ◦C. Thermodynamic studies with Fe-SiNPs indicated that the adsorption process

was spontaneous and exothermic. The adsorption mechanism of TC on Fe-SiNPs was

chemisorption involving electrostatic attraction and hydrogen bonding.

This study highlights the potential of FA-derived adsorbents, particularly ZNa-P1 and

Fe-SiNPs, as sustainable solutions for removing TC from contaminated water. The

�ndings contribute to advancing waste utilization strategies particularly, adsorption, for

environmental remediation.

Keywords: Fly ash, Tetracycline, Emerging Contaminants, Adsorption, Zeolite Na-P1,

Silica Nanoparticles
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CHAPTER 1 − INTRODUCTION

Water pollution poses a signi�cant threat to ecosystems and human health. Emerging

Contaminants (ECs) are a class of contaminants that have garnered increasing attention

due to their persistence in ecosystems and resistance to conventional biological wastewater

treatment methods (Fahimi et al, 2020; Deletic & Wang, 2019). One prominent emerging

contaminant is tetracycline (TC), one of the most widely used antibiotics (Amangelsin

et al, 2023). TC is not fully metabolized by humans and animals and is excreted in its

original form through urine and faeces (Raykova et al, 2023). Many wastewater treatment

plants (WWTPs) employing biological treatment methods, such as activated sludge pro-

cesses, are unable to e�ectively remove TC, leading to its discharge into the environment

(Wang & Jian, 2015). The hydrophilic properties and low volatility of TC allow it to re-

main stable in aquatic environments for a long time (Daghrir & Drogui, 2013). Prolonged

exposure to low levels of TC can lead to the emergence of antibiotic-resistant bacteria

(ARB) and the proliferation of antibiotic resistance genes (ARGs) in microorganisms

(Shao & Wu, 2020). The spread of antibiotic-resistant bacteria (ARB) poses a signi�cant

threat to human health by rendering antibiotic treatments ine�ective (Ding et al, 2023).

There are many TC removal methods available including biodegradation, advanced ox-

idation, adsorption, �occulation, membrane �ltration, and ion-exchange. Among these,

adsorption is regarded as one of the simplest and most cost-e�ective treatment methods

for TC removal (Yan et al, 2024). Although activated carbon is a widely used adsorbent,

its high cost limits its broader application in wastewater treatment. Several low-cost

alternatives, including manufacturing by-products (e.g., �y ash, red mud), clay minerals,

and biological materials (e.g., chitin, chitosan), o�er promising solutions (Rathi & Ku-

mar, 2021; Crini et al, 2019).

Fly Ash (FA) is a solid waste primarily generated by coal-�red thermal power plants,

with an estimated global production of 600 million tonnes annually (Aigbe et al, 2021).

According to Nawaz (2013), in developed countries about 80 % of �y ash produced is

reused however in developing countries like India and South Africa only 10 − 15 % are

reused, largely in cement/concrete manufacturing industries. The valorisation of FA is

still of great concern, especially in developing countries. Due to the presence of hazardous

components, FA must be disposed of in controlled land�lls, which is both costly and time-

consuming (Khan et al, 2014). As noted, FA can be repurposed as a low-cost adsorbent

for removing pollutants from water (Rathi & Kumar, 2021). However, its adsorption

capacity is limited by its low surface area and crystalline structure. To address this,

researchers have explored various modi�cation techniques to enhance FA's adsorption

performance (Hussain et al, 2022). Given its high silica and alumina content, FA is also a

suitable precursor for synthesizing zeolites, which can serve as e�ective adsorbents (Aigbe
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et al, 2021). The large silica content of �y ash can be extracted for the production of

silica nanoparticles (Aphane et al, 2020). The application of �y ash (FA) as an adsorbent

is well-established, with over 4 594 documents identi�ed using the SCOPUS search engine

and the keywords 'Fly ash' and 'adsorption.' However, only 3 articles by Bandura et al

(2022), Sun et al (2022) and Ren et al (2024), explored the use of FA for TC adsorption.

Notably, none of these studies compared the performance of unmodi�ed FA, modi�ed

FA, zeolites, and silica nanoparticles as adsorbents. This gap underscores the novelty of

the present study.

This study focused on developing and evaluating �y ash (FA)-derived adsorbents for

tetracycline (TC) removal from aqueous solutions. The research involved synthesizing

acid-modi�ed FA (AM-FA), base-modi�ed FA (BM-FA), and zeolite Na-P1 (ZNa-P1)

through hydrothermal synthesis. These adsorbents were characterized using XRD, XRF,

BET, SEM, and cation exchange capacity (CEC) analyses and subjected to adsorption

studies, examining dosage, pH, isotherms, kinetics, and thermodynamics, with detailed

evaluation for ZNa-P1. Additionally, silica nanoparticles were synthesized from a sodium

silicate solution (SSSNPs) and FA (FA-SiNPs), with further iron doping of FA-SiNPs to

produce Fe-SiNPs. The synthesized nanoparticles were characterized using XRD, XRF,

BET, SEM and tested comparatively, focusing on Fe-SiNPs adsorption e�ciency under

varying conditions.

This thesis consists of seven chapters:

Chapter 1 Introduction

Provides a concise background and identi�es the problem statement. It outlines the aim

and objectives of the study and discusses the framework of the thesis.

Chapter 2 Literature review

This chapter discusses the literature and identi�es the gaps that this study aims to �ll

with regard to valorisation of �y ash in wastewater treatment.

Chapter 3 Materials and methods

Builds on the theoretical framework and recent advancements in the valorization of �y

ash discussed in chapter 2. It delves into the experimental methods for synthesizing

acid-modi�ed and base-modi�ed �y ash, as well as zeolite Na-P1 and silica nanoparticles.

Additionally, it outlines the design and execution of the adsorption experiments.

Chapter 4 Results and discussion: modi�cation and zeolites

This chapter presents and discusses the results of the experiments outlined chapter 3.

First, the synthesis outcomes of acid-modi�ed �y ash (AM-FA), base-modi�ed �y ash
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(BM-FA), and zeolite Na-P1 (ZNa-P1) are analysed using XRD, XRF, SEM, CEC and

BET techniques. Finally, the adsorption performance of each adsorbent is assessed.

Chapter 5 Results and discussion: silica nanoparticles

This chapter focuses on the results of FA-SiNPs, Fe-SiNPs, and SSSNPs, providing a

parallel investigation into their characteristics and similarly, their application in the ad-

sorption of TC.

Chapter 6 Conclusions and recommendations

The overall �ndings from the study are presented and suggestions are made for potential

future research.
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CHAPTER 2 − LITERATURE REVIEW

2.1 Tetracycline and Environmental Concerns

Pharmaceuticals, including antibiotics, analgesics, and anti-in�ammatories, are consid-

ered major emerging contaminants (ECs) due to their persistence in the environment and

their toxicity to living organisms (Samal et al, 2022). One of the most commonly used

antibiotics in the world is tetracycline (TC) (Amangelsin et al, 2023). It is largely used

for human therapy, veterinary application and in the agricultural sector, due to its low

cost and low toxicity (Abbasnia et al, 2022).

2.1.1 Physio-chemical Properties of Tetracycline

Tetracycline chemical structure and speciation are shown in Figure 1. The name "tetra-

cycline" originates from the four (tetra-) hydrocarbon rings (-cycline) in the chemical

structure (Ozumchelouei et al, 2020). Table 1 presents the chemical and physical prop-

erties of tetracycline. The low Henry's constant suggests that TC has a low volatility

in water (Pal et al, 2017). The low octanol-water partition coe�cient (log KOW ) and

high water solubility illustrates the hydrophilic nature of TC (Conde-Cid et al, 2020).

TC is amphoteric, existing as a cation at pH values below 3, as a zwitterion between

pH 3.3 and 7.7, and as an anion at pH values above 7.7. The amphoteric nature is

attributed to the three ionizable functional groups, namely the tricarbonylamide group

(pKa1), the phenolic diketone group (pKa2) and the dimethylamino group (pKa3) (Zhao

et al, 2014). TC can easily undergo photolysis, decomposing into several products. The

electron rich functional groups of TC are readily able to form bonds with divalent and

trivalent metal ions, such as iron (Fe3+), magnesium (Mg2+), calcium (Ca2+), aluminium

(Al3+) (Halling-Sørensen et al, 2002). The chelation of TC and metal cations makes TC

more stable by neutralising the charge of TC (Pulicharla et al, 2017).

Table 1: Chemical and physical properties of Tetracycline (Ozumchelouei et al, 2020; Peng
et al, 2024).

Henry's constant log KOW Molar mass Water Solubility pKa1 pKa2 pKa3

(g/mol) (mg/L)

3.45× 10−24 − 3.91× 10−26 −1.37 444.4 231 3.3 7.7 9.7
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TC2

(b)

Figure 1: (a) Tetracycline chemical structure and (b) speciation of tetracycline.

2.1.2 Sources of Tetracycline Pollution

TC has been detected in surface water, groundwater, drinking water, wastewater and

wastewater sludge, river-sediments and soil (Islam & Gilbride, 2019). The three main

reasons for TC-detection in water sources: (1) excessive use of TC as a therapeutic agent

or growth enhancer, (2) partial removal of TC in wastewater treatment plants (WWTPs),

and (3) run-o� and leaching of TC from agricultural �elds (Balakrishnan et al, 2023).

TC is not fully metabolized by humans and animals, with approximately 50 − 80 %

of it being excreted in its original form through urine and faeces (Chen et al, 2022b).

Many WWTPs use activated sludge processes that are not fully e�ective in removing

TC, resulting in the discharge of TC into the environment (Liao et al, 2021). A portion

of TC is removed through adsorption onto the sludge. However, in some cases, this

TC-contaminated sludge is repurposed as fertilizer, which can subsequently lead to soil

contamination. (Chang et al, 2023). Similarly, the inclusion of TC in animal feed results

in TC-contaminated manure. When this manure is used as fertilizer, it can contribute to

soil contamination (Kasumba et al, 2020). Le et al (2018) note that the soil contamination

can lead to surface water and groundwater contamination via surface run-o� and leaching,

respectively. Another pathway of TC pollution is through the land�ll disposal of unused

and expired pharmaceuticals which could leach into groundwater (Chang et al, 2023).

The unused/expired pharmaceuticals could also be improperly disposal of into wastewater

system without any pre-treatment (Saravanan et al, 2022).

2.1.3 Toxicity of Tetracycline

The hydrophilic nature, low volatility, and extended half-life of TC contribute to its

persistence in aquatic environments (Fang et al, 2022; Varadharajan et al, 2022). TC
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also has a chemically stable structure, characterized by aromatic rings, and exhibits bio-

toxicity, making it resistant to degradation and biodegradation (Abbasnia et al, 2022).

The continual introduction of TC and its low degradation rate have led to its accumulation

in the environment (Chang et al, 2023).

At low concentrations, TC may not a�ect aquatic species but can result in the accelerated

development of antibiotic resistant genes (ARGs) and antibiotic resistant bacteria (ARB)

(Cheng et al, 2020). One of the risks associated with ARGs and ARB is their potential

transmission to animals and humans (Lundström et al, 2016). Their antibiotic resistance

can render most antibiotic treatments ine�ective (Mancuso et al, 2021). Amarasiri et al

(2020) note that infections stemming from ARB have higher mortality and morbidity

rates. Humans can contract ARGs and ARB through consumption of food irrigated

with reclaimed water (Amarasiri et al, 2020). Additionally, conventional disinfection

processes, such as chlorination, are often unable to completely eliminate ARB, resulting

in their presence in "treated" drinking water (Umar, 2022). It should be noted that ARGs

and ARB are also classi�ed as emerging contaminants (Cedeño-Muñoz et al, 2024).

Tetracycline can have severe e�ects on organisms in the aquatic and terrestrial environ-

ment (Serweci«ska, 2020). According to Liu et al (2018a), exposure of zebra�sh to TC

resulted in yolk sac edema, unin�ated swim bladder and growth inhibition depending

on the TC dosage. Zebra�sh are commonly used as model organisms to study the toxic

e�ects of contaminants on the early development of vertebrates (Lin et al, 2023). These

toxic e�ects observed in the zebra�sh suggest that exposure to TC could lead to devel-

opmental issues in other vertebrates. Similarly, Daphnia are used as model organisms

to infer the toxic e�ects of contaminants on aquatic invertebrates (Tkaczyk et al, 2021).

According to Kim et al (2014), exposure to TC had multi-generational e�ects on the

reproduction and physical growth of D. magna. The presence of TC in soil has led to a

decline the microbial community and inhibition of enzymatic activities of bacterial com-

munities. This, in turn has a�ected various essential environmental processes, including

methanogenesis, biomass production, and organic matter decomposition (Conde-Cid et

al, 2020). Another concern is the uptake and bioaccumulation of TC in plants, which

could impact the ecosystem and humans through the food chain (He et al, 2023). Accord-

ing to Balakrishnan et al (2023), TC can accumulate in various edible plants, including

cucumber, lettuce, and tomato with particularly high TC levels observed in the roots and

leaves.
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 sciences

Animal 
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Development of
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Figure 2: Pathways of TC pollution: sources, contamination routes, and environmental impact
(adapted from Ahmad et al (2021)).

2.1.4 Tetracycline Removal Strategies

Various treatment methods can be employed for the removal of TC from wastewater, in-

cluding photocatalysis, ozonation, adsorption, membrane �ltration, microbial fuel cells,

and phytoremediation (Leichtweis et al, 2022). Table 2 gives the advantages and disad-

vantages of some TC removal strategies.
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2.2 Adsorption Process

The process by which a substance, known as an adsorbate, moves from the liquid phase to

the surface of a solid, known as the adsorbent, is called adsorption (Abas et al, 2013). The

adsorption of an adsorbate onto an adsorbent comprises of three steps (Tan & Hameed,

2017):

� Transport of the adsorbate from bulk phase to the external surface of the adsorbent

(External di�usion)

� Pore di�usion referring to the transport of the adsorbate from the external surface

into the pores of adsorbent (Intraparticle di�usion).

� Adsorption of the adsorbate on the active sites

Figure 3 depicts the adsorption process. The slowest step in the adsorption process is

referred to as the rate-controlling or rate-limiting step (Muliwa et al, 2023).

Figure 3: Steps in the adsorption process (adapted from Wang & Guo (2020b)).

Adsorption can be in�uenced by several factors, including pH, initial concentration of

adsorbates, contact time, adsorbent dosage, adsorbent particle size, temperature, and

agitation speed (Vasu et al, 2023). Figure 4 presents a summary of the factors a�ect-

ing the adsorption process. The main driving forces for the adsorption process involves

van der Waals forces, hydrogen bonding, electrostatic attraction, π − π interactions and

8

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



T
a
b
le

2
:
A
d
va
n
ta
ge
s
an
d
d
is
ad
va
n
ta
ge
s
of

T
C
re
m
ov
al
st
ra
te
gi
es
.

R
em

ov
al
St
ra
te
gy

A
dv
an
ta
ge
s

D
is
ad
va
nt
ag
es

R
ef
er
en
ce

A
ds
or
pt
io
n

H
ig
h
e�

ci
en
cy
,
si
m
pl
e
de
si
gn

H
ig
h
in
it
ia
l
co
st

(R
iz
w
an

et
al
,
20
22
)

A
ds
or
be
nt
s
ca
n
be

re
ge
ne
ra
te
d

Sl
ud
ge

pr
od
uc
ti
on

an
d

E
co
-a
nd

co
st
-f
ri
en
dl
y

di
sp
os
al
co
ns
id
er
at
io
ns

P
ho
to
ca
ta
ly
si
s

H
ig
h
e�

ci
en
cy
,
ec
o-
fr
ie
nd
ly

L
im
it
ed

re
sp
on
se

to
vi
si
bl
e
lig
ht

(L
it
yn
sk
a
et

al
,
20
21
)

C
om

pl
et
e
m
in
er
al
is
at
io
n
of

po
llu
ta
nt
s

P
ot
en
ti
al
to
xi
c
by
-p
ro
du
ct
s

P
ho
to
ca
ta
ly
st
ca
n
be

re
us
ed

O
zo
na
ti
on

R
ap
id

re
ac
ti
on

w
it
h
hi
gh

de
gr
ad
at
io
n

H
ig
h
co
st

(A
hm

ad
et

al
,
20
21
)

N
o
w
as
te

ge
ne
ra
ti
on

P
os
si
bl
e
to
xi
c
by
-p
ro
du
ct
s

C
an

be
im
pr
ov
ed

w
it
h
ca
ta
ly
st

M
as
s
tr
an
sf
er

lim
it
ed

Fe
nt
on

P
ro
ce
ss

H
ig
h
e�

ci
en
cy
,
fa
st
re
ac
ti
on

ti
m
e

R
eq
ui
re
s
lo
w
pH

(Z
ie
m
bo
w
ic
z
&
K
id
a,
20
22
)

R
eq
ui
re
s
si
m
pl
e
eq
ui
pm

en
t

Sl
ud
ge

ge
ne
ra
ti
on

N
o
to
xi
c
by
-p
ro
du
ct
s

In
st
ab
ili
ty

of
Fe
nt
on

re
ag
en
t

P
hy
to
re
m
ed
ia
ti
on

Si
m
pl
e,
lo
w
-c
os
t

Sl
ow

pr
oc
es
s

(K
a�
e
et

al
,
20
22
)

N
o
sl
ud
ge

or
by
-p
ro
du
ct
s
ge
ne
ra
te
d

P
ol
lu
ta
nt
s
ac
cu
m
ul
at
e
in

pl
an
ts

(L
ei
ch
tw
ei
s
et

al
,
20
22
)

E
co
-f
ri
en
dl
y

P
la
nt
s
a�
ec
te
d
by

m
an
y
fa
ct
or
s

9

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



other hydrophobic interactions (Sophia & Lima, 2018). There are two forms of adsorp-

tion, namely, physical adsorption and chemisorption (Shaikh, 2020: 24). In physical

adsorption or physisorption, the main form of attraction is through weak van der Waals

forces alongside electrostatic attraction between the adsorbate and absorbent. In chemi-

cal adsorption or chemisorption, the main form of attraction is through chemical bonds

(i.e. covalent or ionic bonds) between the adsorbate and adsorbent (Van Den Broek &

Boeriu, 2020: 433). Physical adsorption is reversible and associated with a small enthalpy

whereas chemisorption is irreversible due to the strong chemical bonds and is associated

with a high exothermic enthalpy (Somashekara & Mulky, 2023).

Agitation
Speed

Temperature

Adsorption

pH

Contact
Time

Adsorbent 
Dosage

Initial
Absorbate 

Concentration

Figure 4: Factors that a�ect the adsorption process.

2.2.1 Adsorption Kinetics

Adsorption kinetics studies the amount of adsorbate adsorbed or adsorption capacity, qt,

as a function of time. The adsorption capacity at any time, qt, can be calculated using

Equation 1 (Worch, 2021: 141):

qt =
V (CO − Ct)

m
(1)

where CO (mg/L) is the initial concentration of adsorbate, Ct (mg/L) is the concentration

of adsorbate at any time, t, V (L) is the solution volume, and m (g) is the mass of

adsorbent. Adsorption kinetics provides valuable information, such as the adsorption

rate and adsorbent performance, and o�ers insights into the adsorption mechanism and

the rate-limiting step (Wang & Guo, 2020b). This knowledge is crucial for developing

large-scale adsorption systems and identifying the best operating conditions, including

the residence time of the adsorbate and the dimensions of the reactor (Wang et al, 2022).
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2.2.1.1 Adsorption Kinetic Models

The commonly used pseudo �rst order and second order models and Elovich model are

given by Equations 2, 3 and4 (Shi et al, 2021):

qt = qe
(
1− e−k1t

)
(2)

qt =
q2ek2t

1 + qek2t
(3)

qt =
1

β
ln(1 + αβt) (4)

where qt (mg/g) and qe (mg/g) are the adsorption capacity at at time, t (min), and equilib-

rium, respectively, k1 is the pseudo �rst order rate constant (min−1), and k2 is the pseudo

second order rate constant (g·mg−1·min−1), α is initial adsorption rate (mg·g−1·min−1)

and β is the adsorption/desorption constant (g/mg). Wang & Guo (2020b) note that the

pseudo �rst order and second order models and the Elovich models are empirical models

and do not have any de�nite physical meaning regarding the adsorption mechanism. Is-

lam et al (2021) also remark that the rate constants from empirical models are dependent

on the experimental conditions (i.e. initial concentration, dosage, etc. ). Thus, the rate

constants may not be applicable for the design of full-scale plant (Islam et al, 2021).

The Langmuir kinetic model, shown in Equation 5, has a theoretical basis and can, there-

fore, be used to determine rate constants that are independent of operating conditions

(Lohrentz et al, 2023).
dqt
dt

= kadsCt

(
1− qt

qm

)
− kdes

qt
qm

(5)

where qmax (mg/g) is the maximum adsorption capacity constant, kads (L·mg−1·min−1),

kdes (mg·L−1·min−1) are the adsorption and desorption rate constants for the Langmuir

model.

2.2.2 Adsorption Isotherms

An adsorption isotherm refers to the equilibrium relationship between the concentration

of the absorbate in solution (Ce) and the amount of adsorbate adsorbed on the adsorbent

(qe) at a constant temperature and pH (Lima et al, 2015: 35). The graphical representa-

tion of an adsorption isotherm is the adsorption capacity at equilibrium, qe, expressed as

a function of the equilibrium concentration of the adsorbate, Ce, in essence, qe = f(Ce)

(Molina-Calderón et al, 2022). Modelling adsorption isotherms helps determine the ad-

sorption mechanism, predict the removal performance of the adsorbent, and estimate the

amount of adsorbent required for an adsorption system (Muliwa et al, 2023). However, it

11

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



should be noted that empirical isotherm models, such as Sips, Freundlich, and Temkin,

do not help in determining the adsorption mechanism, as they are not derived from fun-

damental principles (Wang & Guo, 2020a).

2.2.2.1 Langmuir Isotherm

The Langmuir isotherm is based on the assumption that adsorption only occurs on a

�nite number of adsorption sites, and that the adsorbed layer has a thickness of one

molecule (monolayer adsorption) (Chen, 2015). The Langmuir adsorption isotherm is

given in Equation 6 (Foo & Hameed, 2010):

qe =
QmaxKLCe

1 +KLCe
(6)

whereQmax is the maximum adsorption capacity (mg/g) andKL is the Langmuir isotherm

constant (L/mg).

2.2.3 Freundlich Isotherm

The Freundlich isotherm model is typically used to describe adsorption onto a heteroge-

neous surface and is illustrated in Equation 7 (Dada et al, 2012):

qe = KfC
1
n
e (7)

where Kf is the Freundlich isotherm constant (mg/g), n is the adsorption intensity. The

term 1/n is an indication of how favourable the adsorption. If 1/n is greater than one,

the adsorption is considered unfavourable. If 1/n is greater than zero and less than one

(0 < 1/n < 1), the adsorption is considered favourable (Al-Ghouti & Da'ana, 2020).

2.2.4 Temkin Isotherm

The Temkin model takes temperature into account and assumes that the heat of adsorp-

tion for molecules within the adsorbed layer decreases linearly with increasing interactions

between the adsorbate and the adsorbent. It also assumes that the binding energies are

uniformly distribute (Chen et al, 2022a). The Temkin model is given by Equation 8

(Al-Jubouri et al, 2022):

qe =
RT

bT
ln(ATCe) (8)
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where AT is the Temkin constant representing the maximum binding energy (L/mg), T

is the temperature (K), R is the universal gas constant (8.314 J/mol/K), and bT is the

adsorption heat constant (J/mol).

2.2.5 Adsorption Thermodynamics

Thermodynamic studies can help determine the temperature dependence of the adsorp-

tion process, and the thermodynamic parameters provide insight into the spontaneity,

feasibility, and mechanism of adsorption (Ebelegi et al, 2020; Sahmoune, 2019). The

thermodynamics parameters are the standard change in Gibbs free energy (∆G◦), the

standard change in enthalphy (∆H◦), and the standard change in entropy (∆S◦) (Húm-

pola et al, 2013). Table 3 illustrates the inferred characteristics of the adsorption process,

drawn from thermodynamic parameters.

Table 3: Information about adsorption process based on thermodynamic parameters (Doke &
Khan, 2013; Molina-Calderón et al, 2022).

Condition Nature of Adsorption Process

∆G◦ < 0 Spontaneous and thermodynamically feasible

∆G◦ > 0 Non-spontaneous and not thermodynamically feasible

∆H◦ < 0 Exothermic

∆H◦ > 0 Endothermic

0 < |∆H◦ (kJ/mol)| < 20 Physisorption

20 < |∆H◦ (kJ/mol)| < 80 Chemisorption and physisorption (ion exchange)

80 < |∆H◦ (kJ/mol)| < 200 Chemisorption

∆S◦ < 0 Decrease in disorder at the solid-liquid interface

∆S◦ > 0 Increase in disorder at the solid-liquid interface

The thermodynamic parameters can be calculated using Equation 9−11 (Lima et al,

2020):

∆G◦ = −RT ln(K◦
e ) (9)

∆G◦ = ∆H◦ − T∆S◦ (10)

ln(K◦
e ) =

∆S◦

R
− ∆H◦

RT
(11)

where K◦
e is the thermodynamic equilibrium constant of adsorption (dimensionless). As-

suming that the temperature e�ects on ∆H◦ and ∆S◦ is negligible. Equation 11 or the

"van't Ho� equation" will produce a linear plot of ln(K◦
e ) against 1/T . The slope and
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intercept of the linear plot can be used to determine ∆H◦ and ∆S◦ (Salvestrini et al,

2022). The Langmuir constant, KL, is commonly used for K◦
e . However, the van't Ho�

equation uses K◦
e in a logarithm term, therefore K◦

e must be dimensionless to ensure unit

consistency (González-López et al, 2022). Lima et al (2019) suggests using the equilib-

rium constant from best �tting isotherm model, such Liu, Sips or Langmuir, across each

temperature and making it dimensionless using Equation 12

K◦
e =

(1000×Kg ×MW× C◦)

γ
(12)

where Kg is the equilibrium constant from the isotherm model (L/mg), MW is the molec-

ular weight of the absorbate, C◦ is the standard concentration of adsorbate (1 mol·L−1),

and γ is the coe�cient of activity (dimensionless).

2.2.6 Adsorbent Regeneration

The regeneration of an adsorbent is essential to minimize secondary pollution caused by

its disposal and to reduce operational costs by enabling multiple adsorption-desorption

cycles (Renu & Sithole, 2024). The two main principles behind adsorbent regeneration are

adsorbate desorption and adsorbate decomposition (Dai et al, 2019). Desorption refers to

the removal of the adsorbed adsorbate from an adsorbent, essentially the reverse of ad-

sorption (El Messaoudi et al, 2024). There are various regeneration techniques, including

thermal, chemical, electrochemical, ultrasonic, and biological regeneration.(Bayuo et al,

2024).

Thermal regeneration involving heating of the adsorbent at elevated temperatures to

disrupt the physical/chemical bonds between the absorbent and absorbate. The absorbate

is released as a volatile compound potentially causing secondary pollution (Baskar et al,

2022). In chemical regeneration, a solvent or chemical reagent such as NaOH, HCl or

CaCl2 is employed to desorb the absorbate from the adsorbent (Alsawy et al, 2022).

Electrochemical regeneration utilises electrochemical reactions and an electric �eld to

induce desorption of the adsorbate (Yasri & Roberts, 2024). Biological regeneration

involves the biodegradation of organic adsorbates into smaller toxicants (Bayuo et al,

2024). Table 4 shows the advantages and disadvantages of several regeneration methods.
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Table 4: Advantages and disadvantages of several regeneration methods (Omorogie et al, 2016;
Patel, 2021).

Regeneration Advantages Disadvantages

Method

Biological Very E�cient for organic Only applicable for biodegradable

pollutants, Eco-friendly pollutants, Very slow, Possible

fouling

Thermal E�cient, Useful for absorbents Very expensive, Air pollution,

with various contaminants Degrades adsorbent's pore-structure

Microwave- E�cient, Eco-friendly, Requires post treatment,

assisted Short regeneration time Degrade adsorbent's pore structure

Chemical Fast regeneration Formation of sludge, Changes

Cost-e�ective adsorbent's chemical structure,

Possible toxic by-products

Electrochemical Very e�cient with high E�ciency of electrodes

conductivity adsorbents reduces with time,

Eco-friendly Long regeneration times

2.3 Fly ash and Environmental Concerns

2.3.1 Fly ash

Coal ash, is a waste by-product produced during coal burning in thermal power plants and

is one of the most produced anthropogenic materials (Yao et al, 2015). Coal ash consists

of both �y ash and bottom ash, where 70−80 % is �y ash and remainder is bottom ash

(Mohammed et al, 2021). Bottom Ash is the heavier particles that are collected at the

bottom of the furnace (Ramzi et al, 2016). Fly ash (FA) refers to �ne particles in coal

ash that rise with the �ue gases and captured by particulate control equipment such

as electrostatic or mechanical precipitator (Bhatt et al, 2019). In 2005, global �y ash

production was estimated be 500 million tonnes, by 2015 it was estimated to be 750

million tonnes. By 2035, coal is projected to account for only 24 % of the world's energy

supply down from the 29 % recorded in 2015. However, during the same time period,

global energy demand is expected to increase by 30 %. As a result, FA production is

likely to rise in the coming years due to the signi�cant increase in global energy demand
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(Bhatt et al, 2019). The FA production and utilisation for various countries is shown in

Figure 5. On a global scale, 53 % of all FA produced is utilised (Ahmed et al, 2016).

0 50 100 150 200 250 300 350 400Million tonnes per year
Australia Canada ChinaEurope [EU] IndiaJapan Middle East & Africa United states of America Other AsiaRussian Federation FA ProductionFA Utilisation

Figure 5: Fly ash production and utilisation for various countries (Ahmed et al, 2016).

2.3.2 Physical and Chemical characteristics of Fly Ash

Fly ash is a white-gray to dark-gray �ne powder, ranging in size from 8 to 20 µm, and

is typically made up of smooth spherical particles (Cui et al, 2020). The bulk density of

�y ash ranges between 1.12�1.28 g/cm3, while its speci�c surface area spans from 1.0 to

9.44 m2/g (Jayaranjan et al, 2014).

The main constituents in �y ash are silicon dioxide (SiO2), aluminium oxide (Al2O3),

calcium oxide (CaO), and iron oxide (Fe2O3) (Mathapati et al, 2022). Some of the trace

elements include Na, Mg, Ti, Hg, Zn, Pb, Cd, B, Ni, P, K, Cr and S (Das & Rout, 2023).

According to Boboc et al (2010), the chemical properties of �y ash varies depending on

the type of coal that is burned. Table 5 presents the di�erent �y ash compositions based

on the type of coal burned.

16

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



Table 5: Di�erent �y ash compositions based on the type of coal (Boboc et al, 2010).

Composition (wt %) Anthracite/bituminous Sub-bituminous Lignite

SiO2 20− 60 40− 60 15− 45

Al2O3 5− 35 20− 30 20− 25

Fe2O3 10− 40 4− 10 4− 15

CaO 1− 12 5− 30 15− 40

Loss of ignition (LOI) 0− 15 0− 3 0− 5

Due to the diverse composition of �y ash it is classi�ed into two main groups, according

to ASTM C618, namely Class C and Class F (Alterary & Marei, 2021).

Class C �y ash originates from sub-bituminous coal or lignite, while Class F �y ash

originates from bituminous or anthracite coal (Gene & Lobo, 2014: 25). The ASTM

C618 standards to categorise �y ash based on composition are shown in Table 6.

Table 6: ASTM C618 standards for �y ash classes (Suraneni et al, 2021).

ASTM C618 Standard Class F Class C

SiO2 + Al2O3 + Fe2O3, minimum % 50 50

CaO % ≤ 18 >18

SO3, maximum % 5 5

Moisture content, maximum % 3 3

LOI, maximum % 6 6

Depending on the concentration of trace elements, the pH of �y ash can range from 4.50

to 12 (Kelechi et al, 2022). But �y ash is typically alkaline, with a surface that becomes

negatively charged at high pH levels (Haya & Alkatiri, 2020).

2.3.3 Current applications of �y ashes

There are various methods for FA utilisation, as illustrated in Figure 6. These include

applications in construction, soil amelioration, the synthesis of geopolymer and zeolite

materials, insulating silica aerogel materials, carbon nanotubes, and valuable metal re-

covery (Gollakota et al, 2019).
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Figure 6: Various applications of �y ash.

Fly ash when applied to soil, can improve several of the soil's properties including bulk

density, texture, percolation and water retention. Alkaline �y ash can be used to neu-

tralise acidic soil and as a substitute for lime (Yao et al, 2015). There is still a risk of

leaching of potential toxic elements (PTEs) within the �y ash, thus the land application

of FA needs to be controlled to mitigate PTEs soil contamination (Shaheen et al, 2014).

The use of FA as a soil amender is limited since it does not contain some essential nutri-

ents for plants such as carbon (C) and nitrogen (N) (Zhou et al, 2020).

In the cement and concrete industry, �y ash can serve as a substitute for various raw

materials or as a supplement for the cement industry (Alterary & Marei, 2021). The in-

corporation of FA in concrete production can improve water demand, and reduce bleeding

and minimise segregation. However, due to the slow rate of the pozzolanic reaction of �y

ash, its contribution to concrete strength only occurs after approximately 28 days. To

accelerate this process, activating chemicals such as sodium sulphate can be added or an

elevated curing temperatures can be used (De Maeijer et al, 2020). Class F FA exhibits

pozzolanic properties but lacks the cementitious properties found in Class C FA, which

contains a higher CaO content. Therefore, additives like hydrated lime or quicklime, are

necessary to enhance the cementitious properties of Class F FA (Kelechi et al, 2022).

Geopolymer is produced through the reaction of an aluminosilicate source (i.e. �y ash)

with an alkaline solution like sodium hydroxide (NaOH) or sodium silicate (Na2SiO3).

This process, is known as geopolymerization (Das & Rout, 2021). Geopolymers are

likened to amorphous zeolites. Like zeolites, geopolymers consist of a polymeric 3-
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D framework of aluminium (Al) and silicon (Si) tetrahedra linked by an oxygen atom

(Swanepoel & Strydom, 2002). Geopolymers have many properties that make them a

good substitute for Portland cement, including a resistance to acids and chloride pene-

tration, as well as, excellent performance in freeze�thaw cycles (Luhar & Luhar, 2022).

However, Zhuang et al (2016) notes that �y-ash geopolymer concrete tends to be fragile

and susceptible to cracking, limiting its long-term application.

Fly ash can be converted into valuable materials such as adsorbents, coagulants, �lters,

and catalysts or catalyst supports. These materials have a wide range of applications in

wastewater treatment processes, including adsorption, membrane �ltration, photocatal-

ysis, and Fenton process (Patel et al, 2023). The alumina and iron oxides in FA can be

leached out using acidic solutions to produce inexpensive coagulants (Yan et al, 2012).

FA can act as membrane support or as cheap raw materials to produce ceramic mem-

branes (Sawunyama et al, 2024). Most of the wastewater treatment research has focused

on Class F FA, mainly in the �eld of adsorption, and not Class C FA, largely due to the

variations of lime content in Class C FA (Mushtaq et al, 2019).

Rare earth metals consists of group of 17 elements, namely, scandium, yttrium and 15

lanthanides. In �y ash, the average concentration of rare earth elements (REEs) is around

404 mg per kilogram of �y ash (Huang et al, 2020). The most common way to extract

REEs is through liquid-liquid extraction (LLE). LLE has some drawbacks, such as ex-

tractant loss and the development of a third phase. Solid-liquid extraction (SLE) is a

promising eco-friendly alternative to LLE. It uses a sorbent, such as DTPA-associated

organosilica, to separate and extract REEs (Dardona et al, 2023).

2.3.4 Environmental concerns

The concentration of heavy metals in �y ash is nearly ten times higher than in the original

coal (Curpen et al, 2023). Some of the heavy metals that may be found include cadmium

(Cd), arsenic (As), beryllium (Be), lead (Pb), cobalt (Co) and chromium (Cr). These

heavy metals are hazardous to human health and the environment. The �y ash that

is not utilised is stored in the dry state in dry specialised land�lls or in the wet state

in ash ponds (Ghazali et al, 2019). Dry disposal of �y ash requires a large area which

may not be readily available and will incur high costs (Ghosh & Goel, 2014). Fly ash is

made up of �ne particles that can become airborne and travel long distance due to wind

currents. Smaller �ne particles are capable of entering the respiratory system through

inhalation and cause severe health issues (Rozhina et al, 2021). Ash ponds can reduce

the amount area required but if they are inadequately lined, the toxic elements present

in the �y ash can leach out and contaminate groundwater aqui�ers (Verma & Hussain,
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2016). Many potential applications of raw �y ash are signi�cantly hindered by the risk of

releasing toxic elements and heavy metals that are present in �y ash. Various methods

are available to reduce these risks, including hydrothermal treatment to immobilize heavy

metals and acidic treatment to leach them out. These modi�cations enhance the safety

and broaden the potential applications of �y ash (Xu et al, 2021; Kang et al, 2021).

2.4 Modi�cations of Fly Ash

Raw �y ash (FA) typically has a low surface area and a crystalline structure, which

may result in a low adsorption capacity (Eteba et al, 2022). Physical and chemical

processes can be employed to enhance its surface area and adsorption capacity (Hussain

et al, 2022). Some of the physical processes include removal of unburned carbon, gravity

separation and grinding. Some chemical processes include acidic treatment, which aides

in removing impurities from FA while increases the surface and number of actives sites

for adsorption (Kurniasih et al, 2025; Sharma et al, 2012). Basic treatment which can

improve the cation exchange capacity, speci�c surface area and porous structure of the

�y ash (Qi et al, 2019). Additionally, impregnating FA with various metal hydroxides,

such as iron and aluminium oxide, enhances surface complexation with the adsorbate and

increase electrostatic interactions (Banerjee et al, 2005). Some authors, such as Xuying

et al (2024), Truong et al (2020), and Nguyen et al (2020)have surface modi�ed FA with

surfactants such as sodium dodecyl sulfate (SDS) and polyethyleneimine (PEI). Surface

modi�cation is a straightforward method for introducing functional groups, enhancing

the surface properties of ash and enabling its selectivity for a target adsorbate (Xuying

et al, 2024).

2.5 Zeolites

FA is rich in silica and alumina, making it an suitable precursor for the production of

zeolites (Koshy & Singh, 2016). Zeolites are crystalline aluminosilicate minerals consisting

of silicon (SiO4)4− and aluminium (AlO4)5− tetrahedra linked by shared oxygen atoms, as

illustrated in Figure 7. The replacement of Si (IV) with Al (III) in the zeolite framework

introduces a net negative charge (Zdretsov & Gerasimov, 2024). This negative charge

is balanced by exchangeable cations, such as Na+, K+, Ca2+ (Bacariza et al, 2017).

These charge balancing cations can be readily exchanged with cations in solution. The

magnitude of cation exchange that occurs in a mineral is known as its cation exchange

capacity (CEC) (Mishra & Clark, 2013: 84).
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Figure 7: 2D illustration of a zeolite structure consisting of silicon and aluminium tetrahe-
drons. Note the yellow dot (-) represents a negative charge (adapted from Zdretsov
& Gerasimov (2024)).

2.5.1 Zeolite synthesis from Fly Ash

Various methods are used to synthesize zeolites from FA, including, hydrothermal syn-

thesis, alkaline-fusion assisted hydrothermal synthesis and microwave-assisted synthesis

(Ren et al, 2020). Among these, the hydrothermal and the alkaline fusion methods are

the most commonly employed (Buzukashvili et al, 2024). Table 7 presents the advantages

and disadvantages of the hydrothermal and alkali-fusion synthesis methods.

Table 7: Advantages and disadvantages of hydrothermal and alkali-fusion zeolite synthesis
methods.

Method Advantages Disadvantages

Hydrothermal Synthesis Low reaction temperature Time-consuming

Low energy requirement Lower conversion

Alkali-fusion Synthesis Faster reaction times High energy input

Higher purity Costly
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2.5.1.1 Hydrothermal Synthesis

A hydrothermal process refers to the use of a aqueous solution as the reaction medium

in an enclosed vessel under a high temperature and is pressurised by the vapour pressure

from reaction (Yang & Park, 2019). The hydrothermal synthesis method involves four

steps (Ju et al, 2021):

� Dissolution: Leaching of Si and Al from FA into alkaline solution, mainly from

the amorphous phase. NaOH or KOH can be used as the alkaline medium.

� Condensation: The soluble Si and Al in solution form an aluminosilicate gel.

� Nucleation: The forming of nuclei on the surface of the FA.

� Crystal Growth: The growth of zeolite crystal on newly formed nuclei.

Silicate or aluminate compounds can be added to adjust the Si/Al ratio, thereby modify-

ing the resulting zeolite phase. Depending on factors such as hydrothermal temperature,

NaOH concentration, reaction time, and Si/Al ratio various types of zeolites can be ob-

tained, including Zeolite A, X, Na-P1, or hydrosodalite (Bukhari et al, 2015).

2.5.1.2 Alkaline-Fusion assisted Hydrothermal Synthesis

This synthesis method involves two steps. First, FA is fused with an alkali source, such as

NaOH powder, at a high temperature (550−600 ◦C). In the second step, the alkali-fused

product undergoes hydrothermal treatment to produce the zeolite material (Ren et al,

2020; Szerement et al, 2021). Zeolites synthesized using the alkali-fusion method often

exhibit higher crystallinity and require shorter reaction times. Unlike the hydrothermal

method, alkali-fusion can extract silica and alumina from the inert mullite and quartz

phases, enabling a higher conversion of FA into zeolites (Cao et al, 2023). This synthesis

method favours the production of zeolite A and X (Bukhari et al, 2015).

2.6 Silica Nanoparticles

Silica nanoparticles (SiNPs) have a wide range of applications due to its hydrophilic

nature, small size, and large surface area (Jeelani et al, 2020). These applications include

drug delivery, cancer therapy, optical materials, molecular separation, and wastewater

treatment as an adsorbent (Yadav & Fulekar, 2019).
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The sol-gel method is one of the simplest and most e�cient approaches for synthesizing

SiNPs (Guo et al, 2017). In this method, suspended colloidal particles, known as "sol",

are converted into a polymeric chain, referred to as a "gel" (Singh et al, 2014). However,

conventionally used silica precursors for sol-gel methods such as tetramethyl orthosilicate

(TMOS) and tetraethyl orthosilicate (TEOS) are potentially toxic and expensive. An

inexpensive and viable non-toxic precursor is sodium silicate (Na2SiO3).

FA consists mainly of silica and can serve as an inexpensive and abundant source of silica

(Yan et al, 2016). The silica in FA can react with an alkali solution, such as NaOH, to

form a soluble sodium silicate solution which can be used to make silica nanoparticles

by the sol-gel method (Yadav & Fulekar, 2020). Equations 13 and 14 show the reactions

steps in the production of silica nanoparticles from �y ash (Owoeye et al, 2021):

SiO2(from FA) + 2NaOH(aq) −→ Na2SiO3(aq) +H2O(l) (13)

Na2SiO3(aq) + 2HCl(aq) −→ SiO(gel) + 2NaCl + H2O(l) (14)

Table 8 presents a summary on the adsorption of organic pollutants, in particular TC,

using modi�ed FA, zeolites and SiNPs.
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CHAPTER 3 − MATERIALS AND METHOD

3.1 Materials and reagents

Coal �y ash was collected from the Matla Power station located in Kriel, Nkangala,

Mpumalanga, South Africa. Tetracycline (99 %), polyethylene glycol (PEG - 6000 MM)

and sodium silicate solution (338443-NaO 10.6 %,SiO2, 26.5 %) were purchased from

Sigma-Aldrich, Germany. Hydrochloric acid (HCl) (32 %), sodium hydroxide (NaOH)

pellets, acetic acid (99 %), ammonium hydroxide (25 %), potassium dihydrogen phosphate

and silver nitrate (AgNO3) were purchased from Glassworld, South Africa. Potassium

hydrogen phthalate was purchased from Hopkins andWilliams Ltd, South Africa. Sodium

acetate trihydrate was purchased from SAARCHEM, South Africa. Deionized (DI) water

used in this study was from an Elga Purelab Chorus unit. The �lter paper used was a

qualitative grade Whatman no. 40 with a pore size of 8 µm. HPLC-grade methanol was

purchased from VWR chemicals.

3.2 Adsorbent Synthesis

Several adsorbents were synthesized from FA using di�erent modi�cation techniques.

Acid treatment was applied to remove impurities and enhance surface area, while base

modi�cation improved cation exchange capacity, surface area, and porosity. Hydrother-

mal synthesis facilitated the formation of zeolites with enhanced cation exchange capacity

and surface area. Additionally, silica nanoparticles were derived from sodium silicate so-

lutions obtained from �y ash.

3.2.1 Pretreatment of Fly Ash (FA)

Before any synthesis/modi�cation, the FA was �rst washed twice in DI water with a

loading of 400 g FA/2 L DI water. The remaining solids (post-washing) were sieved using

75 micron sieve. Particles smaller than 75 µm were used throughout the study.

3.2.2 Acid Modi�cation of Fly Ash

The acid-modi�cation was based on a modi�cation performed by Eteba et al (2022). 10

g of FA was mixed with a 50 ml of HCl solution (30 w/w %). The resulting slurry was

poured into a glass sealable �ask and placed in an oven at 100 ◦C for 24 h. After 24 h,
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the slurry was �ltered using vacuum �ltration. The resulting �lter cake was washed with

DI-water several times. After which it was dried in an oven for 24 h at 60 ◦C.

3.2.3 Base Modi�cation of Fly Ash

The base modi�cation was based on an alkaline hydrothermal synthesis (Wulandari et al,

2020). 20 g of �y ash was mixed with a 160 ml of 3.5 M NaOH solution. The resulting

slurry was poured into a Te�on-lined autoclave and placed in an oven at 100 ◦C for 24 h.

After 24 h, the slurry was �ltered using vacuum �ltration. The resulting �lter cake was

washed with DI-water several times till the �ltrate wash-water had a pH lower than 10.

After which it was dried in an oven for 24 h at 60 ◦C.

3.2.4 Preparation of Zeolite Na-P1

The zeolite synthesis consisted of two steps: ageing and hydrothermal treatment (Musyoka

et al, 2009). In the ageing process, 14 g of �y ash was mixed with a 100 ml of 3.5 M

NaOH solution. Note the mass ratio of FA:NaOH was 1:1. The resulting slurry was

poured into a sealable polyethylene bottle. The bottle was placed into a silicone-oil bath

on a magnetic stirrer and stirred at 800 rpm and 47 ◦C for 48 h.

In the hydrothermal treatment, approx. 20 ml of DI water was added to the aged-slurry

then mixed to obtain homogeneity. This slurry was then put in a Te�on-lined autoclave

and placed in an oven at 140 ◦C for 48 h. After hydrothermal treatment, the resulting

zeolite mixture from the autoclave was �ltered using vacuum �ltration. The obtained

zeolites were washed several times till the �ltrate wash-water had a pH lower than 10.

3.2.5 Synthesis of Silica Nanoparticles

The silica nanoparticle synthesis was based on the sol-gel method with sodium silicate

solutions initially derived from FA and commercial-grade sodium silicate was used.

3.2.5.1 Silica Nanoparticles derived from Fly Ash (FA-SiNPs)

Sodium silicate was initially derived from the �y ash using the Sequential Acid�Alkaline

Leaching (SAAL) method adopted from Aphane et al (2020). Acid was used to remove

large portions of the aluminium present in the �y ash. Then, sodium hydroxide was used

to leach silica from the puri�ed FA.
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10 g of FA in 100 ml of 10 M HCl was stirred on magnetic stirrer for 4 h at 95 ◦C and

300 rpm, under re�ux conditions. The FA residue after stirring was extracted using a

centrifuge for 20 min at 4 ◦C and 9 000 rpm.

The FA-residue recovered after acid-treatment was placed in 100 ml of 10 M NaOH. The

mixture was then placed in silicone bath on a magnetic stirrer for 1 h at 95 ◦C and 300

rpm. The leachate (sodium silicate) was extracted using �lter paper. The sodium silicate

solution was added to 20 ml of a 3 w/w % polyethylene glycol (PEG) solution. The PEG

solution was �rst sonicated in a LABOTEC ultrasonic water bath for 30 min at 55 ◦C.

After 30 min, the sodium silicate solution was added slowly to the PEG solution while

in a 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 presence of Na+ and Cl− ions. If no AgCl precipitate was noted in the supernatant

of the wash water, the washing was complete. The �nal product was calcined at 650 ◦C

for 2 h.

To ensure the purity of the derived silica nanoparticles. 5 g of the derived silica nanopar-

ticles 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 re�ux conditions. The product was denoted as FA-SiNPs.

3.2.5.2 Iron impregnation of FA-SiNPs (Fe-SiNPs)

The iron impregnation synthesis was adopted from Kiprono et al (2023). 5 g of FA-

derived silica nanoparticles was added to 25 ml of a 74 mM FeCl3 · H2O solution. The

pH of the mixture was then adjusted to 7 before being stirred on a shaking table for 1 h

at 250 rpm and room temperature. The solution was then centrifuged for 20 min at 4 ◦C

and 9 000 rpm and washed twice and left to dry over night. Finally, the powdered was

calcined for 6 h at 500 ◦C. The product was denoted as Fe-SiNPs.

3.2.5.3 Silica Nanoparticles derived from Sodium Silicate Solution (SSSNPs)

The silica nanoparticles synthesis from sodium silicate solution was a variation of the

synthesis from the �y ash. 5 ml of sodium silicate was diluted with 95 ml of DI water

and stirred in a silicone oil bath on a magnetic stirrer for 1 h at 95 ◦C and 300 rpm.

Note that the synthesis follows the exact same steps shown in Section 3.2.5.1, from the
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addition of the sodium silicate to the PEG solution to the calcination. Note there was

no post acid-puri�cation required.

3.3 Characterization Techniques

The characterization techniques were employed to analyse the di�erences between the

modi�ed/derived adsorbents and the parent �y ash. These methods also provided valu-

able insights into the adsorption mechanism of TC on the adsorbents.

3.3.1 X-ray Di�raction (XRD)

XRD analysis was conducted to determine the crystallinity and mineralogy of the sam-

ples. The samples were prepared according to the standardized Panalytical backloading

system, which provides a nearly random distribution of the particles. XRD analysis was

conducted with a PANalytical X'Pert Pro powder di�ractometer in Θ � Θ con�guration

with an X'Celerator detector and variable divergence- and �xed receiving slits with Fe

�ltered Co-Kα radiation (λ=1.789 Å). The mineralogy was determined by selecting the

best��tting pattern from the ICSD database to the measured di�raction pattern, using

X'Pert Highscore plus software. The crystallinity of zeolite Na-P1 was determined using

Equation 15

Crystallinity (%) =

∑
Area of zeolite peaks∑

Area of all peaks in scan
(15)

3.3.2 X-ray Fluorescence (XRF)

The samples were dried & roasted in alumina refractory crucibles, at 100 ◦C & 1000 ◦C

respectively, to determine loss on ignition (LOI). One gram sample was mixed with 6

g Lithiumteraborate �ux and fused at 1030 ◦C to make a stable fused glass bead. The

Thermo Fisher ARL Perform'X Sequential XRF instrument with Uniquant software was

used for analyses. The software analyse for all elements in the periodic table between Na

and U, but only elements found above the detection limits were reported.

3.3.3 Surface Area Analysis (BET)

The nitrogen sorption isotherm and BET surface area were measured on a Micromeritics

TriStar II with a liquid nitrogen temperature of 77.350 K. This was done to determine the
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speci�c surface area and pore size of the synthesized particles. The samples were dried

for 24 h prior to the analysis under pure nitrogen �ow to remove all water molecules.

3.3.4 Scanning Electron Microscopy (SEM)

The morphology of the synthesized particles was captured on a Zeiss Crossbeam 540 FEG

SEM instrument using the Oxford instruments detector and Aztec 3.0 software SP1. A

strip with the samples was attached to an aluminum plate before being coated with

carbon. The carbon coater used is a SEM auto-coating unit E2500 (Polaron Equipment

Ltd).

3.3.5 Zeta Potential

The zeta potential (ζ-potential) was characterised using dynamic light scattering (DLS)

on a Zetasizer Nano-ZS instrument (Malvern Instruments, UK). Samples were prepared

from a stock solution of 100 ppm of the sample and diluted to 1 ppm. The 1 ppm solutions

were then adjusted to various pHs using 0.1 M NaOH and 0.1 M HCl. The samples were

left for 24 hours before zeta potential analysis. The zeta potential can aid in determining

the surface charge of the sample at various pHs.

3.3.6 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was conducted on selected adsorbents before and after adsorption on a Shimadzu

IRSpirit-TX fourier transform infared spectrophotometer equipped with a quartz atten-

uated total re�ectance assesory (QATR). All FTIR scans were recorded at resolution of

2 cm-1 for 45 scans from 4700 cm-1 to 350 cm-1. Note that the scans represent an average

of the 45 scans. FTIR analysis can assist in determining functional groups on the surface

of the sample. This information is vital in determining which functional groups play a

role in adsorption.

3.3.7 Cation Exchange Capacity (CEC)

The CECmeasurement for FA and AM-FA was adopted fromWoolard et al (2000) and the

CEC measurement for BM-FA and ZNa-P1 was adopted from Musyoka et al (2009). Two

di�erent methods were employed because the zeolite species, such as BM-FA and ZNa-P1,

are saturated with exchangeable sodium, whereas FA and AM-FA are not. Therefore,
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in the CEC method for FA and AM-FA, the samples were placed in sodium acetate to

introduce exchangeable sodium.

The reagent preparation for both methods is as follows:

� Sodium acetate (1 M): 136 g of sodium acetate trihydrate was diluted with 1000

ml of ultra-pure water. The pH of the solution was altered to 8.2 using acetic acid.

� Ammonium acetate (1 M): 72 ml of acetic acid was added to 1000 ml volumetric

�ask and diluted to 500 ml with ultra pure water. The dilution was done to reduce

the acid-base reaction. Then, 94 ml of ammonium hydroxide added and �nally the

solution was topped up to 1000 ml with ultra pure water. The pH of the solution

was altered to 8.2 by adding ammonium hydroxide.

3.3.7.1 FA and AM-FA CEC Measurement

One gram of ash sample was shaken for 15 min with 33 ml of 1 M sodium acetate then

centrifuged for 15 min. The extracted ash sample was again shaken in a 1 M sodium

acetate solution for 15 min. This procedure was done a total of three times. The sample

was then washed four times in ultra pure water. Finally, the sample was shaken for 15

min with 33 ml of 1 M ammonium acetate solution then centrifuged for 15 min. The

supernatant was kept aside for analysis and the extracted sample was again shaken in 1

M ammonium acetate solution for 15 min. This was done a total of three times. The

�nal accumulative volume of supernatants was approximately 100 ml. The concentration

of sodium in the �nal solution was determined using atomic absorption spectroscopy.

3.3.7.2 BM-FA and ZNa-P1 CEC Measurement

Half a gram of zeolites was shaken for 15 min with 25 ml of 1 M ammonium acetate then

centrifuged for 15 min. The supernatant was collected and the extracted zeolites was

again shaken with 1 M ammonium acetate. This was done a total of four times. The

�nal accumulative volume of supernatants was approximately 100 ml. The concentration

of sodium in the �nal solution was determined using atomic absorption spectroscopy.

3.4 Analytic Analysis

3.4.1 UV-VIS Analysis

The initial and �nal TC concentrations were determined using a VWR UV-1600PC spec-

trophotometer at an interval of 1 nm from 500 nm to 300 nm. The sample was diluted
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by a factor of 2 in 0.1 M NaOH. The high pH caused deprotonation of the tetracycline

molecule and produced a more intense yellow colour that was detectable on the UV-VIS

spectrophotometer. The concentration of tetracycline was determined using to a cali-

bration curve developed with the observed peak wavelength at 381 nm. The calibration

curve is shown in Figure A.1.

3.5 Adsorption Studies

Firstly, a 200 ppm TC stock solution was prepared. The batch adsorption studies were

carried out in 30 ml glass vials and the experimental solutions were prepared by diluting

the TC stock with a pH bu�er. Fly ash and the derived adsorbents had a strong alkalinity

which in�uenced the pH of the solutions. The pH bu�ers were used to regulate the pH

and avoid pH �uctuations. Kao et al (2000) noted that pH �uctuations near the pKa of

an adsorbate might impact adsorption more than the presence of a pH bu�er.

All experimental samples were agitated on an orbital shaker at a rotation speed of 250

rpm. After adsorption, a 2 ml sample was centrifuged at 10 000 rpm for 1 min to

separate the adsorbent from solution and the TC concentration was determined from the

supernatant.

3.5.1 Adsorption studies with modi�ed FA and ZNa-P1

Preliminary adsorption tests were conducted with FA, AM-FA, BM-FA and ZNa-P1 to

compare and identify the most e�ective adsorbent for TC removal. Two key process

parameters, adsorbent dosage and solution pH, were varied to establish the optimal op-

erating conditions for the adsorption of TC using ZNa-P1. Additionally, adsorption

kinetics experiments were performed with ZNa-P1 to determine the equilibrium time,

while adsorption isotherms and thermodynamic studies were conducted with the ZNa-P1

to elucidate the underlying adsorption mechanism of TC on ZNa-P1. Please note that

for the adsorption isotherm experiments, high initial concentrations (70− 120 ppm) were

used to ensure that 100 % removal of TC was not achieved. This approach allowed for

better �tting of the adsorption models by capturing both low and high coverage regions of

the isotherm. Note that non-linear regression was used to model all isotherm and kinetic

data. The non-linear regression was performed on Python using the "curve �t" function

that determines the best �tting parameters for a non-linear equation.
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Table 9: Summary of the ZNa-P1 adsorption experiments conditions and variables studied.

Adsorption Experiment Adsorbent(s) Conditions Variable Studied

Preliminary Adsorption Test
FA, AM-FA

BM-FA, ZNa-P1

Co: 40 ppm, pH: 5,

Dosage: 5 g/L, time: 2 h
Comparison of adsorbents

E�ect of Dosage ZNa-P1
Co: 40 ppm, pH: 5,

Dosage: 1-12.5 g/L, time: 2 h
Dosage

E�ect of pH ZNa-P1
Co: 60 ppm, pH: 2-9,

Dosage: 7.5 g/L, time: 2 h
pH

Adsorption Kinetics ZNa-P1 Co: 60 ppm, pH: 5, Dosage: 7.5 g/L Time

Adsorption Isotherms ZNa-P1
Co: 70-120 ppm, pH: 5,

Dosage: 7.5 g/L, time: 4 h
-

Adsorption Thermodynamics ZNa-P1 T: 30 ◦C, 40 ◦C, 50 ◦C
E�ect of

temperature

3.5.2 Adsorption studies with silica nanoparticles

A parallel adsorption study was conducted with the silica nanoparticles based adsorbents.

Preliminary adsorption tests were conducted with FA-SiNPs, SSSNPs, and Fe-SiNPs to

compare and identify the most e�ective adsorbent for TC removal. The rest of experi-

ments were then carried out with Fe-SiNPs. Similarly, in the adsorption isotherm exper-

iments with Fe-SiNP, higher initial concentrations (90 − 140 ppm) were used to ensure

that 100 % removal of TC was not achieved.

Table 10: Summary of the Fe-SiNPs adsorption experiments conditions and variables studied.

Adsorption Experiment Adsorbent(s) Conditions Variable Studied

Preliminary Adsorption Test
FA-SiNPs, SSSNPs

Fe-SiNPs

Co: 100 ppm, pH: 5,

Dosage: 5 g/L, time: 0.5 h
Comparison of adsorbents

E�ect of Dosage Fe-SiNPs
Co: 50 ppm, pH: 5,

Dosage: 1-10 g/L, time: 2 h
Dosage

E�ect of pH Fe-SiNPs
Co: 70 ppm, pH: 2-9,

Dosage: 5 g/L, time: 2 h
pH

Adsorption Kinetics Fe-SiNPs Co: 70 ppm, pH: 5, Dosage: 5 g/L Time

Adsorption Isotherms Fe-SiNPs
Co: 90-140 ppm, pH: 5,

Dosage: 5 g/L, time: 6 h
-

Adsorption Thermodynamics Fe-SiNPs T: 30 ◦C, 40 ◦C, 50 ◦C
E�ect of

temperature

32

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



CHAPTER 4 − RESULTS AND DISCUSSION:

MODIFICATION AND ZEOLITES

4.1 XRD Results

XRD analysis was conducted to evaluate the change in crystallinity of FA after modi�-

cation. The XRD patterns for FA, AM-FA, BM-FA and ZNa-P1 are shown in Figure 8.

0 10 20 30 40 50 602 ( )

FA M M M M M M MQ Q Q
QAM-FA

BM-FA

ZNa-P1

M M M M M M MQ
QQ
Q

QM S S S SP PP P
PP

P P

P P
P P P

P P P P P PHS HS HS HS

FAAM-FABM-FAZNa-P1

Figure 8: XRD Patterns for FA, AM-FA, BM-FA, and ZNA-P1. The phases indicated in the
XRD patterns: mullite (M), quartz (Q), sillimanite (S), hydroxy-sodalite (HS), and
zeolite Na-P1 (P).

The XRD pattern for FA indicated that the major crystalline phases were mullite and

quartz. There was no signi�cant change noted in XRD pattern of AM-FA after acid-

modi�cation. Tau�q et al (2018) and Wulandari et al (2020) also noted that there was

no substantial change after acid modi�cation beyond the reduction of the amorphous

phase. The XRD pattern of BM-FA showed the presence of zeolite Na-P1. However, the
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occurrence of mullite and quartz peaks indicates only partial digestion of these phases

for zeolitization (Mainganye et al, 2013). The XRD pattern of ZNa-P1 showed two main

phases being zeolite Na-P1 and hydroxy-sodalite. Hydroxy-sodalite, is another zeolite

phase which is considered an impurity in the Zeolite Na-P1 synthesis (Musyoka et al,

2009). The mullite and quartz peaks completely disappeared, indicating full digestion of

these phases for zeolitization and suggests a high conversion of the FA to a zeolite Na-P1

(Mainganye et al, 2013). The percentage crystallinity of zeolite Na-P1, as calculated

using Equation 15, in BM-FA and ZNa-P1 was 43 % and 86 %, respectively.

4.2 XRF Results

The chemical composition of FA, AM-FA, BM-FA, and ZNa-P1 was analysed using XRF

and is shown in Table 11. The �y ash was classi�ed as Class F as per the ASTM C618

standard, since the combined SiO2, Al2O3, Fe2O3 content exceeded 70 % and low CaO

content (< 18 %) (Elidrissi et al, 2023). The results indicate a signi�cant decrease in

metal cations, i.e. aluminium, iron, magnesium and calcium, after acid-modi�cation.

The observed increase in silicon was attributed to reduction of other elements and the

fact that silicon is more resistant to acidic attack (Wulandari et al, 2020; de Oliveira

et al, 2020). After base modi�cation, there was a drop in silicon and aluminium content

and an increase in the sodium content. The NaOH could have leached out the silica and

aluminium into the solution. The large sodium increase also indicates that zeolitization

took place during the base modi�cation (Elidrissi et al, 2023). ZNa-P1 has a composition

similar to BM-FA. Notably, ZNa-P1 has a higher sodium composition than the BM-FA,

indicating more zeolitization occurred in the production of ZNa-P1.

Table 11: Chemical composition of FA, AM-FA, BM-FA, and ZNa-P1.

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

FA 49.88 31.01 1.79 0.36 0.86 3.52 0.84 4.73 1.51 0.53 4.46

AM-FA 57.68 27.62 0.59 0.25 0.47 1.26 0.81 0.97 1.62 0.29 7.95

BM-FA 38.17 28.64 1.70 9.62 0.44 3.25 0.49 4.30 1.39 0.50 11.01

ZNa-P1 40.62 27.76 1.5 14.65 0.24 2.12 0.18 4.42 1.44 0.12 6.33

*Loss on ignition
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4.3 SEM and BET Results

Figure 9 shows the SEM images for FA, AM-FA, BM-FA and ZNa-P1. The surface

morphology of FA consists of spherical and smooth particles. No signi�cant change

in the surface morphology was observed after acid modi�cation. Note that the XRD

analysis also showed little change in the mineralogy after acid modi�cation. The surface

morphology of BM-FA showed a substantial change after base modi�cation. The particles

transformed from smooth spherical shapes to more irregular-shaped crystalline particles.

The surface morphology of ZNa-P1 showed more needle-like crystalline shapes which

is the typical morphology of zeolite Na-P1 (Mainganye et al, 2013). Table 12 gives the

speci�c surface area for FA, AM-FA, BM-FA, and ZNa-P1 determined using BET method.

The acid modi�cation increased the speci�c surface area by approximately 100 %. The

base modi�cation showed the largest increase in speci�c surface area approximately a

ten-fold increase. ZNa-P1 adsorbent had a surface area three times as large as FA. After

alkali-activation, the particle size of FA decreases due to alkali-etching of the surface of

the FA particles, resulting in an increase in surface area (Koshy & Singh, 2016). The

large di�erence in particle sizes between FA and BM-FA/ZNa-P1 is seen Figure 9. The

surface area of BM-FA was larger than ZNa-P1. This can be attributed to the smaller

particle size of BM-FA compared to ZNa-P1, which appears more rigid and dense.

(a) (b)

(c) (d)

Figure 9: SEM images for (a) FA, (b) AM-FA, (c) BM-FA and (d) ZNa-P1. Note that due
to the di�erences in particle sizes, the magni�cation for FA and AM-FA is 5000 and
BM-FA and ZNa-P1 is 40 000.
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Table 12: Speci�c surface area for FA, AM-FA, BM-FA, and ZNa-P1 determined using the
BET method.

Material FA AM-FA BM-FA ZNa-P1

Speci�c surface area (m2/g) 10.94 21.81 110.83 35.75

4.4 CEC Results

Figure 10 shows the cation exchange capacity for FA, AM-FA, BM-FA and ZNa-P1. Both

FA and AM-FA had signi�cantly lower CEC values as compared to BM-FA and ZNa-P1.

The higher CEC values for BM-FA and ZNa-P1 was attributed to the presence of zeolite

Na-P1 in these materials (Zhang et al, 2021). As previously stated, the percentage

crystallinity of BM-FA and ZNa-P1 was 43 % and 86 %, respectively. Note that the ZNa-

P1 had both a higher zeolite crystallinity and higher CEC value, suggesting a correlation

between cation exchange capacity and zeolite crystallinity. Zheng et al (2019) found a

similar conclusion being that the CEC values were directly proportional to the zeolite

crystallinity.

FA AM-FA BM-FA ZNa-P101
23
45
67

CEC (m
eq/g)

6.37

3.42

0.01 0.03
Figure 10: Cation exchange capacity for FA, AM-FA, BM-FA and ZNa-P1.
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4.5 Comparison of AM-FA, BM-FA and ZNa-P1 for Tetracycline

adsorption

The preliminary adsorption test was conducted under the same set of conditions for FA,

AM-FA, BM-FA, and ZNa-P1. The percentage removals of TC for FA, AM-FA, BM-FA,

and ZNa-P1 are shown in Figure 11. The percentage removal of FA was 35 %, after acid

modi�cation the percentage removal reduced to 11 %. Though the surface of AM-FA

increased, the CEC value decreased. Both BM-FA and ZNa-P1 had a signi�cant increase

in TC removal, 76 % and 90 %, respectively. Both BM-FA and ZNa-P1 had high surface

areas and high CEC values. It should be noted that ZNa-P1 had a lower surface area

than BM-FA but a higher CEC value. The higher percentage removal of ZNa-P1 could be

attributed to the high CEC value due to the purer zeolite phase (Na-P1) present in ZNa-

P1. Therefore, the adsorption of TC is directly proportional to the CEC of a material

and not the surface area. CEC refers to the ability of a material to adsorb exchangeable

cations. A higher CEC signi�es that the material can more e�ectively adsorb cations

through electrostatic forces (Munthali et al, 2015). Note that the rest of the adsorption

studies in Chapter 4 were conducted with ZNa-P1.

FA AM-FA BM-FA ZNa-P10102030405060708090

Remov
al (%)

RemovalsSurface AreaCEC

0102030405060708090100110
Surface

 Area (
m2 /g)

0
1
2
3
4
5
6
7

CEC (m
eq/g)

Figure 11: The percentage removal, Surface Area (right axis) and CEC (far-right axis) of FA,
AM-FA, BM-FA and ZNA-P1 (conditions for removal experiments - pH: 5, Dosage:
5 g/L, contact time: 2 h, CO: 40 ppm).
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4.6 Tetracycline Adsorption with ZNa-P1

4.6.1 The e�ect of Dosage

The e�ect of adsorbent dosage on the removal of TC is shown in Figure 12 (a). The

results indicate that an increase in the adsorbent dosage, increased the removal of TC.

This could be attributed to the increase in active sites for adsorption at higher dosages.

The optimal dosage was 7.5 g/L, as there was no substantial increase in the percentage

removal of TC after a dosage of 7.5 g/L.

0 2 4 6 8 10 12Dosage (g/L)30405060708090100

% Rem
oval

(a)

2 3 4 5 6 7 8 9pH0102030405060708090100
% Rem

oval
(b)

Figure 12: (a) The e�ect of ZNa-P1 dosage and (b) the e�ect of pH on TC removal.

4.6.2 The e�ect of pH

The e�ect of pH on the removal of tetracycline is shown in Figure 12 (b). Due to the

amphoteric nature of tetracycline it can exists as a cationic, anionic, or neutral species,

based on the pH (Turku et al, 2007). Figure 13 presents the zeta potential of ZNa-P1

as a function of pH. The highest percentage removal was noted at a pH of 5, therefore

pH 5 was determined to be the optimal pH. As seen in Figure 1 (b), at a pH of 5,

tetracycline is neutral and ZNa-P1 surface is negatively charged. According to Jia et al

(2008), though tetracycline may not have a net charge (neutral) its adsorption behaves as

though it was positively charged. This suggest there is an electrostatic attraction at a pH

of 5. At a pH< 5, tetracycline adsorption decreased. At a pH< 5, tetracycline becomes

cationic whereas ZNa-P1 surface becomes neutral and thus the electrostatic attraction

between TC and ZNa-P1 no longer exists. At pH> 5, tetracycline adsorption decreased.

At pH> 5, tetracycline becomes anionic and ZNa-P1 surface possesses a negative charge
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causing electrostatic repulsion between ZNa-P1 and TC reducing adsorption. Note that

as the pH increases, the negative charge of on the surface ZNa-P1 increases, increasing

electrostatic repulsion and TC-adsorption decreases.

1 2 3 4 5 6 7 8 9 10 11pH

5051015202530Zeta Po
tential 

(mV)

Figure 13: Zeta potential of ZNa-P1 as a function of pH as determined using a Zetasizer.

4.6.3 Adsorption Kinetics

The adsorption kinetics were modelled using non-linear regression. The non-linear re-

gression was conducted on Python using the function "curve-�t". The function uses a

non-linear equation and determines the best �t parameters based on guess values. The

models used to describe the adsorption kinetics were the pseudo �rst order model (PFO),

pseudo second order model (PSO), Elovich model and the Langmuir kinetic model, given

in Equations 2, 3, 4, and 5, respectively. Figure 14 shows the adsorption kinetics of

TC on ZNa-P1, �tted with pseudo �rst order, pseudo second order, Elovich, and Lang-

muir kinetic models. Table 13 presents a summary of model parameters and statistical

parameters for each �tted model. The pseudo-second-order model exhibited the lowest

squared error and highest R2 value, indicating that the adsorption kinetics of TC were

best described by this model. According to Molina-Calderón et al (2022), the pseudo-

second-order model is useful for explaining adsorption where the rate-controlling steps

involve chemisorption mechanisms (such as complexation) or ion exchange. However,

Bandura et al (2022) cautions that the adsorption mechanism cannot be de�nitively de-

termined by the PFO or PSO models. The best �t of the PSO model in this case suggests
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that chemisorption or ion exchange could be the dominant mechanism for tetracycline

adsorption onto ZNa-P1.

0 10 20 30 40 50 60 70 80 90 100Time (min)01
23
45
67
89

q t (mg/
g) Experimental DataPseudo first OrderPseudo second OrderElovichLangmuir

Figure 14: Adsorption kinetics of TC on ZNa-P1 �tted with adsorption kinetic models (con-
ditions for kinetic experiments - pH: 5, Dosage: 7.5 g/L, CO: 60 ppm).

Table 13: Adsorption kinetic model parameters and statistical parameters for the adsorption
of TC on ZNa-P1.

Kinetic Model Kinetic Parameters Statistical Parameters

Pseudo �rst order (PFO)
qe (mg/g) k1 (1/min) Squared Error R2

7.83 0.58 1.17 0.93

Pseudo second order (PSO)
qe (mg/g) k2 (g/mg/min) Squared Error R2

8.31 0.11 0.29 0.98

Elovich
α (mg/g/min) β (g/mg) Squared Error R2

177.43 1.11 2.58 0.85

Langmuir kinetic
ka (L/g/min) kd (mg/L/min) qmax (mg/g) Squared Error R2

0.09 0.00 8.04 0.45 0.97
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4.6.4 Adsorption Isotherms

The adsorption isotherms were modelled using non-linear regression. The same non-

linear regression procedure was utilised in Python. The models used to describe the

adsorption isotherms were the Langmuir isotherm model, Freundlich isotherm model,

and the Temkin isotherm model, given in Equations 6, 7, 8, respectively. Figure 15

shows the adsorption isotherms of TC on ZNa-P1 at 30 ◦C, 40 ◦C and 50 ◦C �tted with

Langmuir, Freundlich, and Temkin isotherm models. Table 14 presents a summary of

the adsorption isotherm model parameters and statistical parameters for each isotherm

model. The Langmuir isotherm model showed the lowest squared error and highest R2

value at all temperatures, except for 40 ◦C, indicating that the adsorption isotherms of

tetracycline were best described by this model. The Langmuir model best �t suggests

that tetracycline adsorption onto ZNa-P1 occurred as a monolayer on a homogeneous

surface (Aliyu et al, 2022). Table 15 presents the maximum adsorption capacities (qm) of

various adsorbents for tetracycline removal. Notably, the β-cyclodextrin-modi�ed Zeolite

Na-P1 exhibited a lower adsorption capacity, implying that the organic modi�cation did

not signi�cantly enhance tetracycline adsorption.

0 5 10 15 20 25Ce (mg/L)
8

10
12
14
16
18
20

q e (mg
/g) 30 °C40 °C50 °CLangmuirFreundlichTemkin

Figure 15: Adsorption isotherms of tetracycline at 30 ◦C, 40 ◦C and 50 ◦C �tted with the
adsorption isotherm models (conditions for isotherm experiments - pH: 5, Dosage:
7.5 g/L, contact time: 4 h).
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Table 14: Adsorption isotherm model parameters and statistical parameters for the adsorption
of TC on ZNa-P1 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) 46.34 48.79 49.14

KL (L/mg) 0.020 0.037 0.056

Statistical Parameters

Squared Error 0.58 1.70 0.09

R2 0.973 0.967 0.998

Freundlich isotherm model

Isotherm Constants

Kf (mg/g) 1.55 2.65 3.61

n 1.39 1.44 1.45

Statistical Parameters

Squared Error 0.64 2.23 0.22

R2 0.971 0.957 0.995

Temkin isotherm model

Isotherm Constants

BT (J/mol) 0.22 0.36 0.56

AT (L/mg) 9.22 10.38 10.31

Statistical Parameters

Squared Error 0.61 1.26 0.10

R2 0.972 0.976 0.998

Table 15: Comparison of maximum adsorption capacities of adsorbents for TC removal

Absorbent qm (mg/g) pH Temperature (◦C) Reference

Modi�ed rubber waste (MRW) 76.33 3 25 (Aliyu et al, 2022)

Zeolite Na-P1 modi�ed with β-cyclodextrin 38 - - (Bandura et al, 2022)

Rice husk ash (RHA) 8.370 5 40 (Chen et al, 2016)

Activated carbon derived from Palm leave waste 132.94 5.86 25 (Islam et al, 2024)

Shrimp shell waste (SSW) 381.75 7 25 (Chang et al, 2020)

Na-montmorillonite 49.8 5.5 - (Figueroa et al, 2004)

Polyvinyl chloride (PVC) Microplastics 21 7 - (Zahmatkesh Anbarani et al, 2023)

Pumice stone 20.1 3 20 (Guler & Sarioglu, 2014)

ZNa-P1 46.34 5 30 This study
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4.6.5 Adsorption Thermodynamics

The Gibbs free energy (∆G◦) was calculated using Equation 9. The entropy change

(∆S◦) and enthalpy change (∆H◦), was calculated using Equation 11. The dimensionless

constant, Keq, was determined from the Langmuir constant, KL, using Equation 12. Sim-

ilarly to Tran et al (2021), both C◦
absorbate and γabsorbate were assumed to be unity. Table 16

presents a summary of the thermodynamic parameters for the adsorption of tetracycline

on ZNa-P1. The negative value of ∆G◦ signi�ed that the adsorption process occurred

spontaneously. The positive ∆S◦ indicated increased randomness at solid/solution inter-

face during adsorption and that the adsorbent had an a�nity for the adsorbate (Liu &

Lee, 2014). The value of ∆H◦ was positive indicating that the adsorption process was

endothermic and more favourable at higher temperatures. According to Molina-Calderón

et al (2022), if the value of ∆H◦ is between 20 and 80 kJ/mol it indicates that adsorption

is a combination of physisorption and chemisorption, typically associated with an ion-

exchange mechanism. The ∆H◦ value was 41.26 kJ/mol suggesting that a ion-exchange

mechanism for the adsorption of TC on ZNa-P1.

Table 16: Thermodynamics parameters for tetracycline adsorption on ZNa-P1.

Temperature KD ∆G◦ ∆H◦ ∆S◦ R2

(◦C) (kJ/mol) (kJ/mol) (kJ/mol)

30 9085.12 −22.97 41.26 0.21 0.993

40 16 490.54 −25.28
50 24 983.65 −27.21

4.6.6 Adsorption Mechanism

Figure 16 gives the FTIR spectra of ZNa-P1 before and after adsorption of TC. The

bands at 610 − 580 cm-1 is associated with the double ring vibration of zeolite Na-P1.

The bands at 770 − 660 cm-1 corresponds to the symmetric stretching vibration of TO4

(where T is Si or Al) (Amri et al, 2024). The band at 1100−900 cm−1 corresponds to the

asymmetric stretching vibration of TO4 (Liu et al, 2018b). The band at 1680=1620 cm−1

is attributed to the bending vibration of OH groups, while the broad band at 3700=3000

cm−1 is associated with the stretching vibration of OH groups (Bandura et al, 2022).

After the adsorption of TC, shifts were noted in the peaks corresponding to the symmetric

and asymmetric vibrations of TO4 at 770− 660 cm-1 and 1100− 900 cm−1, respectively.

This indicated interactions between TC and ZNa-P1, con�rming the adsorption of TC
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onto ZNa-P1. Additionally, a shift and an increase in the intensity of the stretching OH

band, originally observed at 3700=3000 cm−1, was noted after adsorption. This suggested

the presence of hydrogen bonding or other interactions between the hydroxyl groups in

ZNa-P1 and the functional groups in TC (Zhao et al, 2024). The e�ect of pH revealed

the presence of electrostatic attraction between TC and ZNa-P1, while adsorption ther-

modynamics indicated a potential ion-exchange mechanism.

Ultimately, the adsorption mechanism of tetracycline on ZNa-P1 involved electrostatic

attraction, hydrogen bonding, and ion exchange. Liu et al (2013) used zeolite A to adsorb

tetracycline and noted a similar adsorption mechanism being an ion-exchange process and

electrostatic attraction.

4500 4000 3500 3000 2500 2000 1500 1000 500Wavenumber (cm 1)

Absorb
ance

ZNa-P1-TCZNa-P1TC-OH (stretching)-OH (bending)TO4 (asymmetric)TO4 (symmetric)Double ring

Figure 16: FTIR spectra of ZNa-P1 before and after adsorption of TC. Note that the FTIR
spectra before adsorption is denoted as ZNa-P1 and the FTIR spectra after adsorp-
tion is denoted as ZNa-P1-TC.
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CHAPTER 5 − RESULTS AND DISCUSSION:

SILICA NANOPARTICLES

5.1 XRD Results

The XRD analysis, in this chapter focuses on the crystallinity of the silica nanoparticles.

The XRD patterns for FA-SiNPs, SSSNPS, and Fe-SiNPs are shown in Figure 17. 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 (Nallathambi et al, 2011). There

was also no change in crystallinity noted in Fe-SiNPs after the iron modi�cation.

0 10 20 30 40 50 60
2  (°)

Intensi
ty (a.u) SSSNPs

FA-SiNPs

Fe-SiNPS

FA-SiNPsSSSNPsFe-SiNPs

Figure 17: XRD Patterns for FA-SiNPs, SSSNPS, and Fe-SiNPs.

5.2 XRF Results

The chemical composition of FA-SiNPs, SSSNPs, and Fe-SiNPs is shown in Table 17.

Both FA-SiNPs and SSSNPs had a high silicon content (> 90 %), with FA-SiNPs con-
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taining small amounts of impurities, primarily aluminium. Fe-SiNPs showed a 2 % iron

content, con�rming the iron modi�cation.

Table 17: 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 0.00 0.00 0.03 0.07 0.01 0.00 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 0.10 0.09 0.08 0.07 0.03 0.02 5.19

5.3 SEM and BET Results

Figure 18 displays the SEM images of FA-SiNPs, SSSNPs, and Fe-SiNPs. The surface

morphology of all adsorbents is characterized by spherical particles with sizes of ≤ 200

nm. Notably, the morphology remained unchanged following iron modi�cation.

Table 18 summarizes the speci�c surface areas of FA-SiNPs, SSSNPs, and Fe-SiNPs

as determined by BET analysis. Among these, SSSNPs exhibited the highest speci�c

surface area of 305 m2/g, while FA-SiNPs had a speci�c surface area of 140 m2/g, which

is approximately half that of SSSNPs. As depicted in Figure 18, FA-SiNPs formed large

agglomerates of nanoparticles, in contrast to SSSNPs. This agglomeration reduces the

available interfacial area, thereby decreasing the surface area (Gosens et al, 2010). The

formation of large agglomerates in FA-SiNPs synthesis could be attributed to the presence

of impurities, primarily aluminium and iron. These impurities act as coagulating agents,

promoting excessive coagulation of colloidal silica, which leads to the development of

large agglomerates. A greater emphasis should be placed on pre-acidic treatment during

the synthesis process to obtain a high surface area FA-SiNPs.

The speci�c 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 (Javed et al, 2023).
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(a) (b)

(c) (d)

(e) (f)

Figure 18: SEM images for (a & b) FA-SiNPs, (c & d) SSSNPs, and (e & f) Fe-SiNPs. Note
that the magni�cation for (a), (c), (e) is 25 000 and for (b), (d), (f) is 140 000.

Table 18: Speci�c surface area for FA-SiNPs, SSSNPs, and Fe-SiNPs using BET method.

Material FA-SiNPs SSSNPs Fe-SiNPs

Speci�c surface area (m2/g) 140.6 305 97.8
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5.4 Comparison of FA-SiNPs, SSSNPs, and Fe-SiNPs for Tetra-

cycline Adsorption

The preliminary adsorption test was conducted under the same set of conditions for FA-

SiNPs, SSSNPs, and Fe-SiNPs. The percentage removals of TC for FA-SiNPs, SSSNPs,

and Fe-SiNPs are shown in Figure 19. FA-SiNPs and SSSNPs demonstrated relatively

low percentage removals, at 30 % and 20 %, respectively. The slightly higher percentage

removal observed for FA-SiNPs was attributed to the presence of small impurities, such as

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

removal was attributed the presence of iron in Fe-SiNPs. Zhang et al (2015a) 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 in chapter 5 were conducted with Fe-SiNPs.

SSSNPs FA-SINPs Fe-SiNPs0
10
20
30
40
50
60

% Rem
oval

Figure 19: The percentage removal of FA-SiNPs, SSSNPs, and Fe-SiNPs (conditions for re-
moval experiments - pH: 5, Dosage: 5 g/L, contact time: 30 min, CO: 100 ppm).
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5.5 Tetracycline Adsorption with Fe-SiNPs

5.5.1 The e�ect of Dosage

Figure 20 (a) shows the e�ect of the adsorbent dosage of Fe-SiNPs on the removal of TC.

As discussed in section 4.6.1, an increase in the adsorbent dosage of Fe-SiNPs, increased

the removal of TC. The optimal dosage was 5 g/L, as there was no substantial increase

in the percentage removal of TC after a dosage of 5 g/L.

0 1 2 3 4 5 6 7 8 9 10 11Dosage (g/L)
30405060708090100

% Rem
oval

(a)

2 3 4 5 6 7 8 9pH0102030405060708090100
% Rem

oval
(b)

Figure 20: (a) The e�ect of Fe-SiNPs dosage and (b) the e�ect of pH on TC removal.

5.5.2 The e�ect of pH

Figure 20 (b) shows the e�ect of pH on the removal of TC on Fe-SiNPs. Figure 21 presents

the zeta potential of Fe-SiNPs as a function of pH. The highest percentage removal was

noted at pHs 4 and 5, therefore the optimal pH was 4− 5. At pHs of 4− 5, TC is neutral

while Fe-SiNPs is negatively charged. As previously discussed in section 4.6.2, 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. At a pH< 4, tetracycline adsorption decreased. At a pH< 4,

tetracycline becomes cationic whereas Fe-SiNPs surface becomes less negative and thus

the electrostatic attraction between TC and Fe-SiNPs decreases. At pH> 5, tetracycline

adsorption decreased. At pH> 5, tetracycline becomes anionic and Fe-SiNPs surface

possesses a negative charge causing electrostatic repulsion between Fe-SiNPs and TC

reducing adsorption.
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Figure 21: Zeta potential of Fe-SiNPs as a function of pH determined using a Zetasizer.

5.5.3 Adsorption Kinetics

Figure 22 shows the adsorption kinetics of TC on Fe-SiNPs, �tted with pseudo �rst order,

pseudo second order, Elovich, and Langmuir kinetic models. Table 19 presents a summary

of model parameters and statistical parameters for each �tted model. The Elovich model

exhibited the lowest squared error and highest R2 value, indicating that the adsorption

kinetics of TC were best described by this model. Though the �tting of the Elovich

model has no physical meaning. According to Molina-Calderón et al (2022), the Elovich

model is widely employed to model the chemisorption of organic pollutants on modi�ed

adsorbents. Suggesting that chemisorption is a potential adsorption mechanism for TC

on Fe-SiNPs.
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Figure 22: Adsorption kinetics of TC on Fe-SiNPs �tted with adsorption kinetic models (con-
ditions for kinetic experiments - pH: 5, Dosage: 5 g/L, CO: 70 ppm).

Table 19: Adsorption kinetic model parameters and statistical parameters for the adsorption
of TC on Fe-SiNPs.

Kinetic Model Kinetic Parameters Statistical Parameters

Pseudo �rst order
qe (mg/g) k1 (1/min) Squared Error R2

(PFO) 14.78 0.19 37.51 0.84

Pseudo second order
qe (mg/g) k2 (g/mg/min) Squared Error R2

(PSO) 15.36 0.03 16.91 0.93

Elovich
α (mg/g/min) β (g/mg) Squared Error R2

78.69 0.55 0.89 0.996

Langmuir kinetic
ka (L/g/min) kd (mg/L/min) qmax (mg/g) Squared Error R2

0.053 0.00 15.25 20.91 0.91

51

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



5.5.4 Adsorption Isotherms

Figure 23 shows the adsorption isotherms of TC on Fe-SiNPs at 30 ◦C, 40 ◦C and 50 ◦C

�tted with Langmuir, Freundlich, and Temkin isotherm models. Table 20 presents a

summary of the adsorption isotherm model parameters and statistical parameters for

each isotherm model. The Langmuir isotherm model showed the lowest squared error

and highest R2 value at all temperatures, except for 40 ◦C, indicating that the adsorption

isotherms of tetracycline were best described by this model. The Langmuir model's best

�t suggests that tetracycline adsorption onto Fe-SiNPs occurred as a monolayer on a

homogeneous surface (Aliyu et al, 2022). Table 21 presents the maximum adsorption

capacities (qm) of similar adsorbents to Fe-SiNPs for tetracycline removal.

5 10 15 20 25 30 35 40Ce (mg/L)
17.520.022.525.027.530.032.535.037.5

q e (mg
/g) 30 °C40 °C50 °CLangmuirFreundlichTemkin

Figure 23: Adsorption isotherms of TC on Fe-SiNPs at 30 ◦C, 40 ◦C and 50 ◦C �tted with the
adsorption isotherm models (conditions for isotherm experiments - pH: 5, Dosage:
5 g/L, contact time: 6 h).
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Table 20: Adsorption isotherm model parameters and statistical parameters for the adsorption
of TC on 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
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Table 21: The maximum adsorption capacity of tetracycline for adsorbents similar to Fe-SiNPs.

Absorbent qm (mg/g) Temperature (◦C) Reference

Fe-MSNs 56.98 25 (Qiao et al, 2021)

Fe3O4/SiO2/CTAB�SiO2 220.7 25 (Zandipak & Sobhanardakani, 2018)

Ni-Fe with silica template 90.9 30 (Wang et al, 2022)

Fe-impregnated mesoporous silicates 41.7 25 (Vu et al, 2010)

Amino-Fe(III) functionalized 23.95 25 (Zhang et al, 2015b)

mesoporous silica

Silica magnetic nanoparticles 61.73 25 (Farhadian et al, 2017)

Amino-Fe(III) functionalized SBA15 43.07 25 (Zhang et al, 2015a)

Fe-SiNPs 65.36 40 This study

5.5.5 Adsorption thermodynamics

Table 22 presents a summary of the thermodynamic parameters for the adsorption of

tetracycline on Fe-SiNPs. The negative value of ∆G◦ signi�ed that the adsorption process

occurred spontaneously. The negative ∆S◦ indicated decreased randomness at solid/so-

lution interface during adsorption (Liu & Lee, 2014). The value of ∆H◦ was negative,

indicating that the adsorption process was exothermic. According to Molina-Calderón et

al (2022), if the value of ∆H◦ is above 80 kJ/mol it indicates that adsorption is chemisorp-

tion (surface complexation).

Table 22: Thermodynamics parameters for tetracycline adsorption on Fe-SiNPs.

Temperature KD ∆G◦ ∆H◦ ∆S◦ R2

(◦C) (kJ/mol) (kJ/mol) (kJ/mol)

30 107 175.80 −29.19
−114.05 −0.278 0.95340 42 979.88 −27.78

50 6 439.32 −23.56

5.5.6 Adsorption Mechanism

Figure 24 gives the FTIR spectra of Fe-SiNPs before and after adsorption of TC. The

band at 460−430 cm−1 corresponds to the bending vibration of a Fe-O bond from Fe2O3

(Hanh et al, 2023). 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, respectively (Hanh
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et al, 2023; Imoisili et al, 2022). These Si-O-Si bands con�rm the presence of silicon

dioxide in the sample (Hanh et al, 2023).

The broad band at 3700 − 3000 cm−1 is associated with the stretching vibration of OH

groups (Bandura et al, 2022). The band 1640−1590 cm−1 is associated with the stretching

vibration of C=O groups (Zhang et al, 2015a). 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 et al (2015a), the shift in the C=O band after adsorption (1640− 1590 cm−1)

indicates complexation between TC and Fe(III). Similarly, Bello (2013) reported that

broadening of the OH group after adsorption signi�es hydrogen bonding between the

absorbate and adsorbent.

The adsorption thermodynamic studies and the e�ect of pH suggested that the interaction

between TC and Fe-SiNPs involved chemisorption and electrostatic attraction. Conse-

quently, the adsorption mechanism can be attributed to surface complexation (chemisorp-

tion), electrostatic attraction, and hydrogen bonding.

4500 4000 3500 3000 2500 2000 1500 1000 500Wavenumber (cm 1)

Transm
ittance

 (%)

Fe-SiNPs-TC

Fe-SiNPs Fe-SINPSFe-SINPs-TC-OHC=OSi-O-Si (antisymmetric)Si-O-Si (symmetric)Fe-O (bending)

Figure 24: FTIR spectra of Fe-SiNPs before and after adsorption of TC. Note that the FTIR
spectra before adsorption is denoted as Fe-SiNPs and the FTIR spectra after ad-
sorption is denoted as Fe-SiNPs-TC.
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CHAPTER 6 − CONCLUSIONS AND

RECOMMENDATIONS

The best-performing adsorbent, when comparing FA, AM-FA, BM-FA, and ZNa-P1, was

ZNa-P1, achieving the highest tetracycline removal. This high removal e�ciency was

attributed to its high zeolite purity, which resulted in a high cation exchange capacity

(CEC) and increased surface area. TC removal was found to be directly proportional to

the CEC rather than the surface area. The optimal dosage and pH for TC adsorption

using ZNa-P1 were 7.5 g/L and pH 5, respectively. The adsorption kinetics of TC on ZNa-

P1 followed the pseudo-second-order model, as indicated by the smallest squared error

and highest R2 value. The adsorption isotherms of TC on ZNa-P1 were best described by

the Langmuir model, suggesting monolayer adsorption on a homogeneous surface. The

adsorption thermodynamics of TC on ZNa-P1 indicated that the adsorption process was

endothermic and occurred spontaneously. Overall, the adsorption mechanism of TC on

ZNa-P1 involved ion exchange, hydrogen bonding and electrostatic attraction.

The best-performing adsorbent, when comparing FA-SiNPs, SSSNPs, and Fe-SiNPs, was

Fe-SiNPs, achieving the highest tetracycline removal. The high percentage removal was

attributed to the presence of iron in Fe-SiNPs, which increased 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. 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

isotherms of TC on Fe-SiNPs were best described by the Langmuir model, suggesting

monolayer adsorption on a homogeneous surface. The adsorption thermodynamics of

TC on Fe-SiNPs indicated that the adsorption process was endothermic and occurred

spontaneously. Overall, the adsorption mechanism of TC on Fe-SiNPs was concluded to

be chemisorption (surface complexation), electrostatic attraction, and hydrogen bonding.

Future research should explore the use of ZNa-P1 and Fe-SiNPs in desorption and col-

umn adsorption studies to better simulate real-world applications. Investigating their

adsorption-desorption cycles would provide valuable insights into their reusability. The

development of zeolite and silica nanoparticle beads could also support column adsorption

studies by improving material stability and �ow dynamics, making them more suitable

for continuous and industrial-scale processes. Additionally, A full-cost analysis should be

conducted to determine whether these adsorbents are truly low-cost.

Additionally, future studies should evaluate the performance of ZNa-P1 and Fe-SiNPs in

the removal of other contaminants other than tetracycline. Targeting pollutants such as

heavy metals, dyes, and other pharmaceuticals could indicate their versatility as e�ective

adsorbents.
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Appendix A - Calibration Curve

Figure A.1: Calibration curve for tetracycline at 381 nm.
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