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Abstract 

The goal of this project was to utilize electrochemical techniques for pharmaceuticals 

removal from wastewater aqueous solutions in the presence of nanoparticles (NPs). 

The removal of these chemicals is crucial in order to assess potential risks to human 

health through exposure to pharmaceuticals. Recently, electrochemical techniques 

have gained popularity due to their many advantageous properties including speed, 

selectivity, sensitivity, precision, and portability. To achieve the goal of this research, 

aqueous solutions with various concentrations were prepared. The concentrations 

were quantified using electrochemical techniques. Later, the effect of adding zero 

valent and iron oxide NPs to the solution was investigated and the results were 

compared due to the NPs addition. It was anticipated that the electrochemical current 

peak of the chemical is quenched upon NPs addition. Initially, cyclic voltammetry 

(CV) was applied under study without the NPs, and the process were repeated after 

the NP addition to scan the electrochemical current. As a result, the current signal 

was decreased due to the chemical interaction with NPs. During this investigation, 

mefenamic acid (MFA) and diclofenac (DCF) were selected as model 

pharmaceuticals. For the analysis, various variables such as chemical time, pH, and 

type of NP were monitored and optimized.   
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 الرسبلة ببلعربية ملخص
 

Translation is too long to be saved 

Translation is too long to be saved 

اىهذف ٍِ هزا اىَششوع هى اسخخذاً اىخقٍْاث اىنهشومٍٍَائٍت لإصاىت اىَسخحعشاث اىصٍذلاٍّت ٍِ اىَحاىٍو 

(. إُ إصاىت هزٓ اىَىاد اىنٍٍَائٍت أٍش باىغ NPsىجسٍَاث اىْاّىٌت )اىَائٍت ىٍَآ اىصشف اىصحً فً وجىد ا

الأهٍَت ىخقٌٍٍ اىَخاغش اىَحخَيت عيى صحت الإّساُ ٍِ خلاه اىخعشض ىيَسخحعشاث اىصٍذلاٍّت. فً اَوّت 

الأخٍشة ، امخسبج اىخقٍْاث اىنهشومٍٍَائٍت شعبٍت بسبب اىعذٌذ ٍِ اىخصائص اىَفٍذة بَا فً رىل اىسشعت 

والاّخقائٍت واىحساسٍت واىذقت وقابيٍت اىْقو. ىخحقٍق هذف هزا اىبحث حٌ ححعٍش ٍحاىٍو ٍائٍت بخشمٍضاث ٍخخيفت. 

 NPsحٌ قٍاط اىخشمٍض اىنًَ باسخخذاً اىخقٍْاث اىنهشومٍٍَائٍت. فً وقج لاحق ، حٌ اىخحقٍق فً حأثٍش إظافت 

. ٍِ اىَخىقع أُ ٌخٌ إخَاد رسوة اىخٍاس NPsٍخخيفت إىى اىَحيىه وحَج ٍقاسّت اىْخائج بسبب إظافت 

( ححج CV. فً اىبذاٌت ، حٌ حطبٍق قٍاط اىجهذ اىذوسي )NPsاىنهشومٍٍَائً ىيَادة اىنٍٍَائٍت عْذ إظافت 

ىَسح اىخٍاس اىنهشومٍٍَائً. ماُ ٍِ اىَخىقع أُ حْخفط  NP، وحنشسث اىعَيٍت بعذ إظافت  NPsاىذساست بذوُ 

( MFA. خلاه هزا اىخحقٍق ، حٌ اخخٍاس حَط اىٍَفٍْاٍٍل )NPsخفاعو اىنٍٍَائً ٍع الإشاسة اىحاىٍت بسبب اى

( مأدوٌت َّىرجٍت. باىْسبت ىيخحيٍو ، حَج ٍشاقبت وححسٍِ اىَخغٍشاث اىَخخيفت ٍثو اىىقج DCFواىذٌنيىفٍْاك )

 .NPاىنٍٍَائً ودسجت اىحَىظت وّىع 
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Chapter One: Theory and Introduction 

 

This chapter serves as an overview of wastewater treatment using various techniques 

including traditional and electrochemical methods. Throughout the process of treating 

wastewater, an electrochemical cell with a three electrode system was used. In 

addition, this chapter concentrates on two main pharmaceuticals MFA and DCF 

which played a significant role in contaminating water. Lastly, different types of NPs 

have been discussed to test their efficiency in the drug removal from water.  
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There is a dramatic increase in pharmaceuticals in water due to the continuous 

increase in population. This has contributed to a raise in industrial activities, and 

contamination of air, soils and aquatic ecosystem. The traditional methods commonly 

used for detecting pharmaceuticals and quantifying pollutants’ removal include; 

flame atomic absorption spectrometry (FAAS), gas/liquid chromatography-mass 

spectrometry, inductively coupled plasma atomic emission spectroscopy (ICP-AES), 

inductively coupled plasma mass spectroscopy (ICP-MS), high performance liquid 

chromatography (HPLC)–ultraviolet (UV) and fluorescence (FL) detection, and 

quantitative polymerase chain reaction. Although these analytical methods can 

achieve the desired results, they require complicated instruments which are costly,  

high level of expertise, and  time consuming (Jin and Maduraiveeran 2017). 

Electrochemical techniques (ETs) are utilized for electrical measurements. ETs have 

been widely recognized recently for their high sensitivity, high speed analysis, simple 

sample preparation, and relative low operating costs. These techniques have 

contributed to a large area of research and development in chemistry health, biology, 

medicine, and environmental aspects (Panina 2011). Visually, the resulting current 

due to variation in the electrode potential is measured during a process of interest as a 

result of reduction or an oxidation on the surface of the electrode. 

ETs include several techniques such as CV, linear sweep voltammetry (LSV), square 

wave voltammetry and stripping voltammetry (SWV) (Farghaly, Abdel Hameed, and 

Abu-Nawwas 2014). Previously, ETs have been used in many applications especially 
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in biological samples and for drug analysis. These techniques have the capacity to 

determine trace chemical species and pharmaceuticals’ concentrations in different 

samples (Widrig et al. 1990). The three electrode cell used in ETs consists of a 

reference electrode, counter electrode, and working electrode. Glassy carbon 

electrode has been involved in many researches as a working electrode due to its high 

electrochemical and thermal stability (S. Sharma 2018).  

1.1 Water Pollution 

Water pollution is a serious environmental problem that is caused either by natural 

sources (organic matter, soil erosion) or by human activities such as industrial, 

agricultural and domestic actions. The most frequently detected classes of 

pharmaceuticals are non-steroidal anti-inflammatory drugs (NSAIDs), such as DCF, 

ketoprofen, and mefenamic acid (MFA) (Szymonik, Lach, and Malińska 2017).  

In addition, water pollution is considered among the most challenging environmental 

problems. Water pollution has increased by a new group known as emerging 

contaminants such as pharmaceuticals, pesticides, industrial chemicals, surfactants, 

and personal care products (Colombo et al. 2016). The presence of MFA in sewage 

waters has increased and its concentration exceeded the safe limit of 0.43 µg/L 

(Werner, McNeill, and Arnold 2005) In Palestine, 60% of the houses are connected to 
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sewage systems and the wastewater is discharged into valleys. Furthermore, only 1% 

of the collected water are properly treated (Prakash Rao and Michael Muller 2007). 

Pharmaceuticals are a diverse group and for that, DCF was also investigated since it 

exceeded the safe limit in previous studies around Al-Bireh plant and was measured 

to be 1500 ng/L in the influent stream (Wasser and Str 2013). 

As a result, a number of techniques were developed to remove wastewater from 

pharmaceuticals.  Removal process can range from single unit process to full-scale 

wastewater treatment which can be costly especially in developing countries like 

Palestine.  

Many processes were applied to remove contaminants from wastewater, such as the 

oxidative degradation by ozone, O3/H2O2, photo-Fenton, and the use of UV light with 

hydrogen peroxide which can provide good elimination of odor and color as well 

(Crini and Lichtfouse 2019). These techniques are characterized by the high 

operational costs and the slow removal kinetics. Thus, the use of nanoparticles was 

investigated in the removal of contaminants from water due to their high removal 

efficiency (Al-Rifai, Gabelish, and Schäfer 2007).  
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Other physical and chemical treatment processes have been reported in the past three 

decades including precipitation for its high efficiency in eliminating metals and 

fluorides, solvent extraction for large  scale operations in water cycling, membrane 

filtration since solid waste generation is low and chemicals are not required in the 

process,  adsorption/filtration for its wide variety of target contaminants, and 

coagulation process due to its simplicity and the chemical availability commercially 

(Crini and Lichtfouse 2019).   

1.2 Diclofenac Sodium 

Diclofenac (DCF) is a phenyl-acetic acid derivative drug which belongs to the 

NSAID with analgesic anti-pyretic properties which has specific physical and 

chemical properties as presented in Table 1(Swain, Nagamani, and Panda 2015). This 

drug is part of many prescriptions for the long term treatment of osteoarthritis (Panda 

et al. 2013), Parkinson (Swain, Nagamani, and Panda 2015), rheumatoid arthritis 

(Yilmaz et al. 2015), and  ankylosing spondylitis (Patil, Naik, and Nandibewoor 

2009). The sodium salt form of DCF works by reducing substances in the body that 

causes pain and inflammation. On the other hand, DCF has few side effects including 

vomiting, headache, dizziness, and nausea (Haichi Yu et al. 2021).  
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Table 1: Physical, chemical properties of DCF. 

Item DCF Reference  

 

Structure 

 

 

 
 

(Biotechnology 2022a) 

Formula C14H10Cl2NNaO2 (Biotechnology 2022a) 

IUPAC Name sodium;2-[2-(2,6-

dichloroanilino)phenyl]acetate 

(Biotechnology 2022a) 

Molecular weight 318.14 (g/mol) (Biotechnology 2022a) 

PKa 4.0 (Adeyeye and Li 1990) 

Solubility mg/ml 1.36 (Kincl et al. 2004) 

Melting Point 285-289 ᴼC (Petar TUDJA 2001) 

 

The focus to investigate DCF was mainly coming from the persistent toxic waste 

especially from the poor treatability drugs. Due to its extensive use, DCF has been 

found in wastewater treatment plant effluents with concentrations up to 10 µg/L, in 

surface (up to 15 µg/L) and groundwater (up to 0.15 µg/L), and in drinking water 

with quantities in the low ng/L range (Heim et al. 2020). The toxicity increases when 

combined with other medications found in the water. Because of the documented risk 

to the aquatic environment, the European Union (EU) classified DCF as an emerging 

pollutant and placed it on the first watch-list for monitoring (Heim et al. 2020). There 

are negative consequences in some species even at extremely low doses. The lowest 

measured effect concentration for cytopathology in rainbow trout livers, kidneys, and 
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gills was 1 µg/L (Hui Yu et al. 2013). Recently, a study was done which revealed that 

relevant concentrations of DCF led to impairment of the general health of fishes and 

destroyed their renal and gills, at the lowest observed concentration of 5 µg/L 

(Takamoto et al. 2004).  

1.3 Mefenamic Acid 

Many pharmaceuticals have been detected in aquatic systems at ng.L
-1 

or pg. L
-1 

which might come from production sites or direct disposal. Pharmaceuticals’ toxicity 

and accumulation in living organisms can lead to serious environmental problems 

even at trace concentrations since they resist any biological degradation processes 

(Feier et al. 2018).  In Table 2 different physical and chemical properties are 

determined in order to explain the behavior of MFA under various conditions. 

Table 2: Physical, chemical properties of MFA. 

Item MFA Reference 

Structure  

 
 

(Biotechnology 2022b) 

Formula C15H15C12NO2 (Biotechnology 2022b) 

IUPAC Name N-(2,3-dimethylphenyl)-2-

aminobenzoic acid 

(Biotechnology 2022b) 

Molecular weight 241.28 (g/mol) (Biotechnology 2022b) 

PKa 4.5 (Biotechnology 2022b) 

Melting Point 398.8 ᴼC (Biotechnology 2022b) 

Solubility mg/ml 0.2 mg/ml (Kedarnath. 2011) 
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MFA, scientifically named 2- (2, 3-dimethylphenyl) amino benzoic acid, plays a huge 

role by reducing mild to moderate pain (Bukkitgar et al. 2019). On the bright 

side,  it’s usually used in treating different cases including musculoskeletal illness, 

osteoarthritis, and sports injuries (Bukkitgar et al. 2018). Unfortunately, if its 

concentration increases in water and sewage plants, it will have toxic effects 

especially with having high stability in the environmental mediums (Dolatabadi, 

Ahmadzadeh, and Ghaneian 2020). In addition, overdoses of MFA leads to toxic 

metabolite accumulation which turns to acute hepatic necrosis (Niazi, D.Torkman, 

and Khorshidi 2015).  

Various advanced treatment techniques like membranes, adsorption, and 

photodegradation have been used in the past and were found to be ineffective at 

removing MFA from wastewater. As a result, more specialized advanced approaches 

are still required (M. Al-Jabari et al. 2018). 

Such contamination is found in both surface water and wastewater and due to this 

result, different types of adsorbents have been considered in treating water from 

pharmaceuticals that cause resistance in natural bacteria populations (M. Al-Jabari et 

al. 2018).   
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1.4 Electrolysis of Water  

Water electrolysis is the process of utilizing electricity to breakdown water into 

oxygen and hydrogen gas. This hydrogen gas can be used as hydrogen fuel, or it can 

be combined with oxygen to make oxyhydrogen gas, which is used in welding and 

other purposes (Carmo et al. 2013). 

Electrolysis, also known as water splitting, occurs at a minimum potential difference 

of 1.23 volts between oxidation and reduction half-cell potentials, however at that 

voltage, external heat from the environment is necessary (Sataloff, Johns, and Kost 

2006). 

Oxidation at anode: 2 H2O (l) → O2(g) + 4 H
+
(aq) + 4e

− 
 , E° = 1.23 V vs. NHE 

A reduction process occurs for pure water at the negatively charged cathode, with 

electrons (e) from the cathode being delivered. 

Cathode (reduction):4H
+
 (aq) + 4e

−
→2H2 (g), Eo = 0.00 V vs. NHE 

Overall reaction: 2 H2O(l) → 2 H2(g) + O2(g), E°cell = -1.23 V; ΔG   = 475 

kJ/mol 

To combine half reactions, they must be either acid or base balanced. 

At 25 °C and pH 0, ([H
+
] = 1.0 M), the standard potential of the water electrolysis 

cell (Eocell = Eocathode - Eoanode) is -1.229 V (Sataloff, Johns, and Kost 2006).  

https://en.wikipedia.org/wiki/Liquid
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1.5 Nanoparticles 

Nanotechnology is a new field of research that focuses on excising the structure of 

matter between 1 and 100 nanometers in the atomic, molecular, and super molecular 

levels in order to generate desired qualities and functionalities for a variety of 

applications (Koul et al. 2021). Nano-materials have unique features that make them 

ideal for a variety of applications, including mobility, food safety, catalysis, 

renewable energy, and healthcare (Kumari, Dhand, and Padma 2021). 

Recently, tremendous amounts of attention have been witnessed in the nanomaterial-

based electrochemical signal. Furthermore, nano-materials can add many properties 

to the ETs among conductivity, biocompatibility, and synergic effect leading to 

highly sensitive techniques (Zhu et al. 2015). Owing to nano-scale dimensions, NPs 

have proven to enhance sensitivity and selectivity. Moreover, they provide high 

surface area to volume ratio to drive electrode kinetics (Jin and Maduraiveeran 2017).  

Recently, sensors have been integrated with nano-materials. In addition, ETs can also 

measure an electrical signal which provides information about the concentration of 

the analyte and can also be used for the removal of pollutants in water since they have 

high sensitivity for low concentrations. 

Recently, iron oxide nanoparticles (IO-NPs) have gained much attention due to their 

properties including super paramagnetism, great surface area (Zia, Phull, and Ali 

2016), nontoxicity, and biodegradability (Cotin et al. 2018). Over the few past 

decades, IO-NPs have been used in research because of their high reactivity due to 

the variety in oxidation forms (FeO ↔ Fe3O4 ↔ γ-Fe2O3 ↔ α-Fe2O3 ↔ FeOOH) 
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(Genuzio et al. 2016) (M. H. Al-Jabari et al. 2019). These nanoparticles have been 

used in variable therapeutic applications (Dadfar et al. 2019), agricultural and 

environment (Ali et al. 2016), catalysis (Ahmad, Phul, and Khan 2019), and magnetic 

resonance imaging (MRI) (Ahmad, Phul, and Khan 2019).  An external magnetic 

field can be used for separating NPs as a response to their paramagnetic behavior. 

This separation can be used in order to avoid filtration problems such as filtration and 

membrane fouling in packed columns (Niazi, D.Torkman, and Khorshidi 2015).   

Another type of iron based nanoparticles that played a huge role in waste water 

remediation and reducing human risks are zero valent iron nanoparticles (nZVI ). 

(Aragaw, Bogale, and Aragaw 2021). Soil and water pollution arise due to the 

presence of toxic chemicals and for the following reasons: nZVI have been obtained 

and tested on a large number of pilot studies. nZVI have achieved amazing results in 

the remediation capacity of ground water (Galdames et al. 2020) and as a sorbent for 

numerous inorganic and organic contaminants in aqueous solutions (Trakal et al. 

2019). These NPs have several properties that allow them migrate below ground 

which helps especially when the chemicals lie beneath buildings (Pramudita, 

Iskandar, and Indarto 2018). In addition, nZVI can reduce many solvent 

concentrations to nearly zero within days (Baalousha, Lead, and Ju-Nam 2011).  On 

the other hand and despite of the advantages, they can form micro-scale aggregates 

due to the weak surface charges of iron which limits their use in situ remediation. 
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Due to the aggregation, many properties will be affected including mechanical 

strength and mobility (Pramudita, Iskandar, and Indarto 2018). 

1.6 Electrochemical Techniques  

Electrochemical techniques (ETs) are used in many fields for analytical purposes. 

Generally, these techniques are used in testing pharmaceuticals activity through redox 

reactions which involve electron transfer between the electrode and the electrolyte at 

the electrode surface (Doménech-Carbó et al. 2015). ETs have gained a great interest 

in the developing countries where limited resources and limited affordability of costly 

other techniques such as spectroscopy and chromatography. Compared to other 

techniques, ETs are easier to be modified, cheaper, sensitive, able to recognize 

analyte components in many systems (biological, environmental, or neurological), 

and more importantly they can be portable to fields (Martínez-Huitle et al. 2015). The 

simplicity of automation, adaptability, moderate working conditions, high efficiency, 

and mobility of ETs for wastewater treatment are the most essential benefits 

(Martínez-Huitle et al. 2015). 

This class of analytical techniques depends on scanning potential and measuring 

current of the analyte providing a low detection limit. The three main categories of 

ETs are: voltammetry techniques (VTs) (applying a potential and measuring the 

resulting current), coulometry (the current is measured over a period of time in a 

cell), and potentiometry (measures the potential between two electrodes) (Lasia 

2013). The measurements depend on few aspects such as electrolyte solution, 
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cleanliness of the surface, the surface interactions, and the electrode material (S 

Mendoza et al. 2015).  

1.6.1 Voltammetric Techniques  

It is very hard to give a complete explanation of VTs since it involve many branches 

in thermodynamics, kinetics of electrochemistry, and physical chemistry (Bard and 

Faulkner 2001). The term voltammetry is derived from voltamperometry which 

expresses a function of voltage. In general, if an electrode is placed in an electrolyte, 

it is possible to study the charge transfer between the electrode surface and the 

electrolyte solution (Scholz 2015). 

1.6.2 Electrochemical Cell 

In voltammetry, the conduction and charge transport was monitored in the solution. 

In order to measure the current, an electrode (working electrode) is made smaller than 

the second one (auxiliary electrode) so that the current cannot be limited to the larger 

one. Figure 1 shows a schematic of a typical cell, which includes the working 

electrode (WE), which has the lowest electrode surface area, the reference electrode 

(RE), and the counter electrode (CE).  Metal electrodes have gained a huge interest in 

the electrochemistry branch due to their high conductivity  and ease of fabrication 

such as noble metals, gold, carbon materials, and platinum (Lakard, Pavel, and 

Lakard 2021). Glassy carbon electrode (GCE) was also been used as a working 

electrode based on its lower detection limit of pharmaceuticals due to the higher 

currents obtained for the oxidation peaks (Maria et al. 1997). In addition, it has 
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numerous advantages including its biocompatibility, not toxic, high sensitivity, and 

not getting affected by the oxidation and reduction processes leading to fouling 

(Lakard, Pavel, and Lakard 2021). Moreover, the production of chemisorption of 

oxygen on the carbonaceous electrode’s surface with C = O groups is thought to be 

the cause of a carbonaceous electrode's pH sensitivity (Shigemitsu, Matsumoto, and 

Tsukahara 1979).  

The electrochemical processes at the counter electrode are often unknown, and hence 

irrelevant to the measurement's conclusion. 

 

Figure 1: A voltammetric cell scheme which shows the current flows between the small working electrode 

(WE) and the large counter electrode (CE). The potentiostat is used to adjust the potential of the working 

electrode in comparison to the constant potential of the robust reference electrode (RE). 

 

The reference electrode should be durable and have a consistent chemical 

composition, as this impacts its electrical potential. Its function is to act as a reference 
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point for controlling the relative potential of the working electrode using a 

potentiostat. The electrochemical reaction and the ensuing flow are propelled by the 

electrical potential difference between the solution and the working electrode 

(Mirceski, Skrzypek, and Stojanov 2018).  

The potential of the electrolyte solution is identical to the potential of the metallic 

phase of the reference electrode in most potentiostats for 3-electrode measurements. 

The potential difference between the working electrode's metallic phase and the 

electrolyte solution is therefore equivalent to the potential difference between the 

working and reference electrodes. The potentiostat controls the voltage between the 

working and counter electrodes to achieve the correct potential difference between 

the working electrode and the electrolyte solution (Mirceski, Skrzypek, and Stojanov 

2018). 

1.6.3 Diffusion Layer  

 

The field of chemistry that examines the electron transport at an electrode is known 

as electrochemistry. The electroactive species must be transported from the bulk 

solution to the electrode vicinity for a redox reaction to occur. 
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When the potential of the working electrode is negative, a chemical species in 

solution get reduced by taking electrons at the interface between electrode and 

solution. Oxidation, on the other hand, happens when the working electrode's 

potential is positive enough that a species contributes an electron to the electrode. An 

electrochemical species must diffuse into the region of the electrode in order to be 

oxidized or reduced.  

When a particle larger than one nanometer is dispersed in water, a reaction occurs at 

the solid-liquid interface because both the solid and liquid parts have different energy 

levels, resulting in tension at their interface once they come into close contact. 

Basically, all substances have a negative surface charge when dispersed in water. 

Because of the high dielectric constant of water, all substances have a negative 

surface charge when dispersed in it. On the other hand, media with a lower dielectric 

constant have an anionic surface charge. A well-ordered and immovable layer covers 

the surface of the particle like a skin, attracted by the surface charge. This layer is 

also known as the fixed layer or stern layer.  

Cations neutralize the anionic surface charge, but because ions are often surrounded 

by water molecules, they are too large to completely neutralize the charge, leaving a 

residual anionic charge. This residual anionic charge attracts more ions from the 

surrounding water, starting to form a second layer around the particle.  
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A basic scheme for a metal electrode in contact with an electrolyte solution is shown 

in Figure 2. The inner Helmholtz plane (IHP) is the plane that passes across the 

centers of the particularly adsorbed species on the electrode surface. Since the ratios 

of cations and anions change in such a way that their charges compensate, the surplus 

charge decays toward the solution bulk in the diffuse layer. Within the compact layer 

and up to the outer Helmholtz plane, the potential varies linearly in the EDL. In the 

diffuse layer, it then decays exponentially. This is significant because there is no 

electric field emanating out from charged electrode outside the EDL, i.e., ions are not 

impacted by the electrode potential outside the EDL, and hence no migration can 

occur. 

 

Figure 2: Schematic of the electric double layer at the electrode|electrolyte interface at a negatively charged 

electrode 

When an electrode is put in solution, it may become positively or negatively charged 

due to a lack of or excess of electrons at the electrode surface. At a given distance 
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from the electrode's surface, species with opposing charges are drawn to it from the 

solution, which normally extends a few Angstroms (Å) into the solution depending 

on the ionic strength of the solution. The electrochemical double layer (EDL) is the 

overall arrangement of the charged interface, which gets more diffuse as distance 

from the electrode surface rises. The electrical double layer operates as a capacitor 

with two charged layers separated by a fixed distance due to charge separation at the 

electrode-solution interface. 

1.6.4 Cyclic Voltammetry  

The voltammograms can be observed over a wide potential range to observe the 

redox behavior. CV studies various redox reactions during the pharmaceutical 

analysis (Gupta et al. 2011) and is mainly used to determine the redox reactions and 

to understand the reaction intermediates.  As it can be seen in Figure 3, CV depends 

on varying the applied potential at a working electrode in the forward reaction and 

swept back to initial voltage (Bard and Faulkner 2001).  

The current detected in this method increases as scan rate and concentration increases 

according to Randles-Sevcik equation at 25 ᴼC. 

ip = 2.686 x 10
5
 n 

3/2
 Ac

0
 D

1/2
n

1/2 
......( 1 ) 

  

With A in cm
2
, D in cm

2
 s

-1
, c in mol/cm

3
 and v in Vs

-1
, and the peak current in 

amperes. 
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Figure 3: A) Typical potential variation and B) the shape of the I–E curve in the popular technique known 

as cyclic voltammetry where ip
c and ip

a are the cathodic and anodic peak current, and Ep
c and Ep

a are the 

cathodic and anodic peak potentials 

Figure 3 is driven by the interfacial redox reaction (2) due to the basic 

thermodynamic properties (e.g., Gibbs free energy) and the mass transfer process 

referred as diffusion. 

Redsol ⇄ Oxsol + ne 
 −

......( 2 ) 

The term (sol) denotes dissolved species, while n denotes the stoichiometric number 

of electrons. Only at the working electrode|electrolyte contact does the redox reaction 

(2) take place. If the experiment continues with reversely directed potential sweeps, 

one may clearly predict that the electrode reaction (2) will drift to the opposite, left-

hand side (reduction).  
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CV is the term for this type of voltammetric experiment. The first half of the cyclic 

voltammetry is clearly identical to Figure 4, whereas the second half uses the reverse 

potential sweep to drift the reaction in the other direction (reduction of Oxsol to 

Redsol). The forward and reverse components of the related CV in Figure 4 show the 

oxidative and reductive changes of the electrode equilibrium, respectively. The 

oxidation (also known as anodic) and reduction (also known as cathodic) currents are 

given a positive and negative sign, respectively. 

 

Figure 4: In the common technique known as cyclic voltammetry, (a) typical potential fluctuation by 

varying the electrode potential in the simplest linear fashion from certain starting (Es) to the final (Ef ) 

potential. and (b) the form of the I–E curve are shown. The latter is linked to the formal potential (E∅ ′ ), 

which is a crucial thermodynamic parameter for the electrode process. The maximum of the asymmetric 

peak-shaped voltammogram, is defined by the peak-current (Ip,a) and the peak-potential (Ep,a) 
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The most important points in CV are the peak current (ip
c
, ip

a
), peak potentials (Ep

c
, 

Ep
a
). From the peak potentials, it can be easily determined if the process if reversible 

or irreversible.  

ΔEᴼp = │Ep
a
 – Ep

c
│= 2.303     ⁄  ......( 3 ) 

 

Where n is number of electrons, F = Faraday constant (96,485 C/equiv), R = 8.314 

J/mol·K, and T is temperature at 25 ᴼC.  

If the difference between the anodic and cathodic peak potentials, known as peak-to-

peak separation (Ep), is 57 mV, and the width at half max on the forward scan of the 

peak is 59 mV, then it’s considered reversible (Bard and Faulkner 2001). For a 

reversible reaction, ΔEᴼp should be 0.0592/n V. If the peak separation is > 0.0592/n 

V, it is considered to be irreversible (Sandra Mendoza et al. 2015). 

1.6.5 Linear Sweep Voltammetry  

Linear sweep voltammetry (LSV) is performed at a fixed potential range and it is 

scanned from a lower to a higher voltage limit to obtain an oxidation peak as shown 

in Figure 5. Moreover, the current is plotted as a function of voltage.  The sweep 

produced is similar to the forward scan in CV (Yan et al. 2017).  
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Figure 5: a) Typical potential fluctuation by varying the electrode potential in the simplest linear fashion 

from certain starting (V1) to the final (V2) potential b) Typical voltammogram created by changing the 

electrode potential in the simplest linear way from a specific beginning (V1) to a specific final (V2) potential. 

 

The rate of potential variation with time (sweep rate, or scan rate, v) is the technique's 

main parameter. The sweep rate is defined as a ratio of the potential interval ΔEᴼ 

(ΔEᴼ=Ef - Es, where Ef and Es are the final and starting potentials, respectively) to the 

time interval Δt which is required to cross the potential route E, resulting in 

v=ΔEᴼ/Δt. The entire duration of the experiment, which might range from minutes to 

milliseconds, is clearly determined by v (Mirceski, Skrzypek, and Stojanov 2018). 

1.6.6 Square Wave Voltammetry  

Square wave voltammetry (SWV) is well known for providing symmetrical wave 

pulse amplitude Esw. What make it special are; it’s high sensitivity, high speed, and 

the subtraction of the background current. The signal is composed of a staircase 

waveform with a step height of ΔEᴼ and the duration of each step is τ where the scan 
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rate can be determined from these two important features (Razmi, Ezzati, and 

Khorablou 2019). 

v =       ⁄  ......( 4 ) 

Where v is the scan rate, ΔEᴼ is the step height in volts and τ is the duration of each 

step in seconds. 

As can be seen in Figure 6, the period of two pulses is the same, denoted by tp = 
   

 
, 

where τ  is the duration of the potential step, as previously described. Square-wave 

amplitude is the height of a single pulse (Esw). The SW frequency f = 
 

   
 is 

frequently used to demonstrate the latter parameter. The latter is the essential time 

parameter of the SW voltammetric experiment, as we can see. The scan increment ΔE 

of the staircase ramp, the SW amplitude (Esw), and the length of the potential pulse tp 

are the primary parameters of the SW potential modulation. The SW potential wave-

form may be associated with scan rate defined as the product of the frequency and the 

scan increment, v = f ΔEᴼ 

 

Figure 6: Single potential cycle in square-wave 
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SWV has higher sensitivity than CV since the voltammogram is achieved by 

replacing the continuous potential ramp with a staircase potential-time function. The 

current in this method is usually measured after each potential step. The forward 

current (Ifor) and reverse current (Irev) components of the SWV are made up of a 

sequence of current values measured at the end of each forward and reverse pulse. 

Furthermore, by subtracting the corresponding values of the forward and reverse 

current values as presented in Figure 7, a new voltammetric curve known as net 

current may be created. (Mirceski, Skrzypek, and Stojanov 2018). 

Inet = Ifor - Irev......( 5 ) 

Where and Inet is the net current, (Ifor) and (Irev) are the forward and reverse current of 

the SWV response respectively. 

 

Figure 7: A potential waveform in SWV is shown. The duration of the potential step (τ) and the scan 

increment of the staircase potential (ΔEᴼ) are shown in the inset. A normal SWV is also shown compared to 

CV. 
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1.7 The Aim of This Study 

This research mainly focuses on detecting pharmaceuticals from aqueous samples 

using glassy carbon electrode due to its chemical stability, and good electrical 

conductivity. In addition, ETs are expected to provide results by detecting the desired 

chemicals in low concentrations.  

This study aims to assess the removal of contaminants (DCF and MFA) from water 

samples using different ETs: CV, SWV, and LSV which were integrated by the use of 

IO-NPs and nZVI. The use of NPs is expected to remove pharmaceuticals from 

contaminated water since NPs are known for being highly profitable, and having high 

surface area in nature (Tambe Patil 2015). 

Different parameters have been also considered in this research in order to investigate 

their effect on the pharmaceuticals’ removal from wastewater such as pH, 

temperature, scan rate, types of NPs, and types of electrodes.   
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Chapter Two: Experimental 

  

A number of experimental laboratory studies were required in order to provide the 

data needed to remove pharmaceuticals from wastewater using NPs. Oxidation and 

reduction peaks were obtained in the laboratory in order to detect MFA and DCF in 

aqueous samples. Water samples were prepared and different parameters — pH, 

temperature, type of electrodes, and type of NPs — were adjusted in order to evaluate 

their effects on the removal process. Finally, the test methods, apparatus, and test 

results are discussed in this chapter. 
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2. Experimental 

2.1 Materials  

Iron(II) chloride tetrahydrate ≥99.0%, Iron(III) chloride 97%, ammonia solution abt. 

29% extrapure, ACS, 97.0-102.0%  FeCl3.6H2O, sodium borohydride ≥96%, 2-[(2,3-

Dimethylphenyl)amino]benzoic acid (MFA), potassium chloride ≥ 99%, diclofenac 

sodium, sodium dihydrogen phosphate dihydrate, di-Sodium hydrogen phosphate 

heptahydrate, ferric chloride hexahydrate FeCl3.6H2O, 0.47M NaBH4, Absolute 

ethanol, absolute methanol. The aqueous solutions were prepared using Milli-Q water 

with a resistivity of 18.2 MΩ.cm.  All chemicals were purchased from Sigma-Aldrich 

Chemical Company (Milwaukee, U.S.A) 

2.2 Samples’ preparations  

A stock solution of 40 mg/L MFA was prepared by dissolving 0.0040g  MFA in a 

buffer solution (Na2HPO4 7H2O, NaH2PO4 2H2O, KCl solution) in a 100 ml 

volumetric flask. Minimum amount of methanol were added to dissolve MFA 

solution with slight heating when needed to ensure its solubility. Standard solutions 

of MFA were prepared using serial dilutions with the same buffer solution to attain 

30, 20, 10, 5, 0.5, and 0.3 mg/L MFA solution.  
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Similarly, stock solution of 40 mg/L DCF was prepared by dissolving 0.0040 g in a 

100 ml buffer solution which was adjusted to pH 7.02 value using sodium hydroxide. 

Standard solutions of DCF were prepared by applying serial dilutions with the same 

buffer to attain 30, 20, 10, 5, and 2.5 mg/L DCF solution. 

2.3 Synthesis of Iron (IV) Oxide and Zero Valent Iron Nanoparticles 

Iron oxide nanoparticles were synthesized under a basic medium by dissolving Fe
+2 

and Fe
+3

. In this process, 10 ml of deionized water was added with a 12.5 ml of 29% 

ammonia solution in a two necked bottom flask. The set up was put in silicon oil and 

the system was kept under 60 ᴼC as can be seen in Figure 8. Ferrous ((FeCl2⋅4H2O) 

and ferric chloride (FeCl3⋅6H2O) at 1:2 molar ratio was added to the solution 

precisely 2.65 and 5.30 g, respectively. The reason of these impurities is deviation of 

Fe+2/Fe+3 ratios from the mentioned value. Existence of oxygen in the reaction 

media leads to this deviation which oxidizes Fe
+2

 ions to Fe
+3

. The reaction mixture 

was stirred for 2 hours on a hot plate. After adding ammonia, the solution color went 

from orange to black indicating that magnetite IO-NPs were prepared.  

IO-NPs were collected using suction filtration followed by washing NPs with Milli-Q 

water to maintain a pH 7 followed by washing the NPs using absolute ethanol to 

remove unreacted species.  
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After being filtered,  NPs were stored for 24 h in a desiccator till next day for 

experimental use (Iriarte-Mesa et al. 2020). 

Fe
+3

(aq) + 2Fe
+2

(aq) + 8OH
-
(aq) 


 Fe3O4(S) + 4H2O 

Experimental investigation shows that passing nitrogen gas through the reactant 

solution has two advantages: 1- preventing existence of oxygen in the reaction 

medium 2- leading to smaller sizes of nanoparticles. 

 

Figure 8: Synthesis of iron (IV) oxide nanoparticles which starts by mixing ferrous chloride and ferric 

chloride in a three-neck volumetric round flask and followed by adding ammonia. The mixture was kept at 

around 60 ᴼC with a continuous mixing for two hours. NPs were collected after using suction filtration and 

were kept overnight in a desiccator. 
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On the other hand, nZVI were prepared by adding 4.84 g of ferric chloride 

hexahydrate in a solution of de-oxygenated Milli-Q water into a 500 ml three-neck 

volumetric flask and absolute ethanol with a volume ratio of 1:4.  A 0.47M of the 

reducing agent NaBH4 was added after dissolving the ferric chloride with a rate of 1-

2 drops per second using a dropping funnel as it can be seen in Figure 9. The 

nanoparticles’ solution was reduced from Fe
+3

 to Fe
0
 after consuming all the reducing 

agent quantity.  

The following chemical process was used to make nZVI with ferric chloride 

precursor solution as an iron source and sodium borohydride as a strong reductant as 

can be seen in equation (6). 

2FeCl3.6H2O + 6NaBH4 + 18H2O → 2Fe
0
 + 21H2 + 6B(OH)3 + 6NaCl ......( 6 ) 

The mixture kept under nitrogen for 20 minutes and nanoparticles were collected. 

Later on, NPs were washed using absolute ethanol three times in order to avoid 

oxidation of the produced NPs and were dried using suction filtration (S. M. 

Sulaiman and Al-Jabari 2021). The NPs were transferred to a desiccator in an inert 

atmosphere and were kept overnight until next day  (Eljamal et al. 2018). 
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Figure 9: Synthesis of nZVI which starts by mixing ferric chloride hexahydrate in a solution of de-

oxygenated Milli-Q water and absolute ethanol with a volume ratio of 1:4 in a three-neck volumetric round 

flask and followed by adding the reducing agent after dissolving ferric chloride. NPs were collected after 

using suction filtration and were kept overnight in a desiccator. 

2.4 Working procedure  

50 ml volumetric flask was used to prepare MFA solution. Proper amounts of MFA 

solution was transferred to the cell which is manufactured to carry the electrodes at 

which the redox reactions occur. Meanwhile, the surface of the glassy carbon 

electrode was cleaned using alpha alumina powder 0.3 micron and CVs of the 

samples were recorded over a potential range for detecting MFA. Similar procedure 

was also applied for DCF. CVs were recorded to detect DCF drug redox reactions. In 

addition, Square wave voltammetry was also performed over a potential range to 

show the reduction peak. 
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2.5 Apparatus and Software/instrumentation 

 

A CHI760 Workstation is a multi-channel potentiostat applicable for cyclic 

voltammetry, linear sweep voltammetry, chronoamperometry, impedance 

spectroscopy, charge discharge characteristics, and other approaches for studying 

reaction kinetics, sensing materials, corrosion, and energy conversion. A three-

electrode system consisted of an Ag/AgCl (sat. KCl), platinum auxiliary electrode, 

and a GCE as a working electrode was used for the pharmaceuticals detection over a 

specific potential range for each drug as shown in Figure 10. 

 

pH of the buffer solution was determined using a Metrohm-750 desktop pH-meter. 

Meanwhile, fourier transform infrared (FT–IR) spectra were recorded for DCF, MFA, 

nZVI, IO-NPs, and NPs after the drug adsorption.  Each sample was recorded in KBr 

pellets in the frequency range of 400–4000 cm
−1

 using Bruker TENSOR II 

spectrometer. 
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Figure 10: A representation image of electrochemical instrumentation setup  

 

 

 

2.6 Analytical method 

 

MFA has exceeded the safe limit concentration in sewage water worldwide which is 

0.45µg/L (Colombo et al. 2016). For that matter, MFA was obtained and aqueous 

samples with known concentrations were used as standards. Potassium chloride (KCl) 

was used without any further purification and all solutions were prepared in Milli-Q 

water. Electrochemical measurements were carried out in a conventional three-

electrode cell; a reference electrode (Ag/AgCl), a platinum wire was used as a 

counter electrode, and a glassy carbon which was used as a working electrode. 
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Initially, cyclic voltammetry was applied followed by optimizing the conditions in 

order to study their effects on the electrochemical behavior. The current was 

measured using glassy carbon electrode and current peak was obtained. Afterward, 

NPs were added to the solution to work as adsorbents and the sample was scanned as 

well to obtain another CV under same conditions for samples without NPs. 

Water was used as a solvent since the main aim is to solve a problem in the 

wastewater and to avoid complexation issue between the analyte and the solvent.   

 

 

 

 

 

 

 

 

 

 



35 
 

Chapter Three: Results and Discussion 

 

Data was presented into more comprehensive forms such as CV, SWV and LSV 

graphs. Along with presenting data, results were depicted in the form of calibration 

curves, tables, and other suitable forms. Analysis-comparison, trend lines were also 

provided. In addition, data was discussed and a brief conclusion was included. 
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3.  Results and Discussion 

3.1 Conditions Optimization  

3.1.1 Type of electrode  

Essentially, the electrochemical behavior of 40 mg/L DCF was investigated using two 

types of electrodes in a pH =10.06 phosphate buffer solution. The first working 

electrode was glassy carbon electrode which showed a promising potential to detect 

lower concentrations unlike the gold electrode.  

In both electrodes, a CV scan was swept from 0.4 to 1.0 V and then was swept back 

in the same potential range as presented in Figure 11. The current started to increase 

until it reached a maximum value at around 0.7 V and then it started to decrease. In 

addition, the peak shape was sharper as GCE was used and wider by using gold 

working electrode indicating a faster oxidation by using GCE. 

Initially gold working electrode was used according to its ability to detect the 

oxidized MFA. Although there was no shift in the peak potential when GCE was 

used, the peak current was higher than gold working electrode and as a result, GCE 

has been used for detecting MFA and DCF. 
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Figure 11: CV response for removing 40 mg/L MFA using glassy carbon electrode (blue CV) and gold 

working electrode (orange CV) after adding 0.08 g of IO-NPs in the aqueous solution at pH 10.06 in 0.1 M 

KCl using GCE, surface area (0.069 cm2), 300 mV/s 

3.1.2 Effect of NPs Amount 

 

Amount of NPs used is an important factor in any removal process. The large surface 

area of NPs can indicate the amount of the desired drugs that can be adsorbed on their 

 surface (Beiraghi et al. 2014). A comparison of CV was recorded for oxidation of 

MFA after placing different amounts of NPs to discuss their affect. In previous 

studies, it was recorded that 0.25 g of IO-NPs was capable of removing DCF at 

different concentrations with high removal efficiency (S. M. Sulaiman and Al-Jabari 

2021). On the basis of the previous study, similar amounts were added to a 40 mg/L 

Buffer solution 

40 mg/L MFA using gold working electrode 

40 mg/L using GCE 
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MFA solution to obtain a comparison with different adsorbent dose which were 0.04 

g, 0.08 g, and 0.12 g. 

A CV was performed for each dose to see the change in current peak as shown in 

Figure 12. As can be seen, the larger the dose the higher the adsorption of MFA on 

the NPs surface and the less amount dissolved in solution. Unfortunately, the larger 

the adsorbent’s amount, the slower the adsorption which is due to agglomeration 

which reduces the surface area of NPs. Particle aggregation is a fundamental 

mechanism that reduces the surface free energy of the particles by increasing their 

size and lowering their surface area. The adherence of particles to one another by 

weak forces causes the aggregation of nanoparticles, resulting in (sub)micron-sized 

entities. 
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Figure 12: CV response of the IO-NPs amount effect ranging from 0.04 to 0.12 g on the peak current of 40 

mg/L MFA using GCE at pH 7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), 300 mV/s 

 

 

3.1.3       Effect of time  

 

3.1.3.1 Effect of time on DCF   

 

The removal efficiency of DCF using the two types of adsorbents nanoparticles was 

studied. The results shown in Figure 13 indicate that nZVI has the ability to remove 

the reduced form of DCF almost completely at a potential around 0.45 V since the 

cathodic peak has disappeared. In addition, both oxidation peaks decreased up to a 

certain point which means DCF the current decreased due to the pharmaceuticals’ 

adsorption on the NPs surface. 
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The reduction peak of DCF obtained in pH 7.02 at GCE and the peak current of DCF 

was lowered after adding 0.08 g of nZVI. Figure 13 shows the uptakes of the DCF as 

a function of contact time.  

The adsorption effectiveness of DCF rose from 47.92 % to 60.67 %, when the contact 

duration was increased from 2 to 8 minutes as can be seen in Table 3.  As a result, the 

best contact duration was determined to be 8 minutes, which may be employed in 

future research.  
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Figure 13: CV response for removing 40 mg/L DCF after adding 0.08 g of ZVNPs at pH 7.02 in 0.1 M KCl 

using GCE, surface area (0.069 cm2), 300 mV/s. 

The analyte DCF's electrochemical response was studied by SWV technique using 

GCE which is represented in Figure 14. The presence of N-H group in the DCF 

structure was primarily responsible for the rapid and high adsorption of DCF which 
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can be observed in Figure 13 by forming Hydrogen bonding with either –OH group 

under basic media or with H
+
 on the NPs surface from water. In addition, removal 

percentage was calculated for 40 mg/L and found to be 50% after nZVI addition to 

the water sample. 
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Figure 41: SWV for 40 mg/L DCF with and without nZVI in 0.1M KCl at GC electrode, in a pH solution of 

7.02.  SW amplitude, 25.0 mV; SW step, 4.0 mV; SW frequency, 15.0 Hz. 

As a result, NPs were able to adsorb a large amount of DCF in a very short time (8 

minutes). This rapid adsorption equilibrium is beneficial for water treatment systems. 

From Table 3, the adsorption effectiveness of DCF on IO-NPs rose from 12.10 % to 

36.31 %, when the contact duration was increased from 2 to 8 minutes.  The results 
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show that the current becomes almost fixed as the time increases proposing that DCF 

concentration have reached a fixed concentration at the NPs’ surface. 

 

Table 3: Time profile of DCF removal using  0.08 g of nZVI and IO-NPs  

 

 

Time 

(Minutes) 

Time profile of 20 mg/L DCF 

removal using nZVI at 0.45 V 

potential 

Time profile of 20 mg/L DCF 

removal using IO-NPs at  0.45 V 

potential 

Current 

detected 

without 

NPs 

(µA)  

Current 

detected 

with NPs 

(µA) 

Removal 

percentage 

(%) 

Current 

detected 

without 

NPs (µA) 

Current 

detected 

with NPs 

(µA) 

Removal 

percentage 

(%) 

0 3.39 3.39 0.00 3.67 3.67 0.00 

2 3.39 1.76 47.92 3.67 3.23 12.10 

4 3.39 1.61 52.49 3.67 3.07 16.24 

6 3.39 1.51 55.31 3.67 2.84 22.60 

7 3.39 1.43 57.79 3.67 2.61 28.99 

8 3.39 1.33 60.67 3.67 2.34 36.31 

 

Figure 15 indicates clearly that the most significant performance was obtained when 

the adsorption is established at around 8 minutes. Removal percentage was close as 
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the time increased indicating that the adsorption has reached the maximum value at 

around 8 minutes which reached up to a value of 60%. From the removal percentage 

evaluated for both types of NPs, it is seen that nZVI were able to accomplish higher 

removal percentage.  

 

 

Figure 15: Time profile of 20 mg/L DCF removal percentage at 0.45 V 

Meanwhile, the current in the peaks have decreased in Figure 16 using IO-NPs. 

Removal efficiency on 20 mg/L DCF at room temperature was evaluated using IO-

NPs. The samples were analyzed at different time intervals (0, 2, 4, 6, 7, and 8 min).  

As time increases, the larger the drug’s amount adsorbed on the surface without 

desorption occurring on the surface 
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Figure 16: CV response for a time profile for removing 40 mg/L DCF after adding 0.08 g of IO-NPs at pH 

7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), 300 mV/s. 

  

3.1.3.2 Effect of time on MFA 

 

To compare the time profile for MFA, different concentration of MFA was performed 

because it gave more precise results for the removal percentage of MFA rather than 

20 mg/L as has been reported for DCF. Table 4 compares between nZVI and IO-NP 

at different times to show the removal percentage. nZVI gave a similar result as IO-

NPs for MFA, Yet, the desorption occurred at a shorter time around 9 minutes which 

is shown in Figure 18. This indicates that the interactions are stronger with using IO-

NPs. On the other hand, the adsorption effectiveness of MFA rose from 6.88 %   to 
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39.83 %, when the contact duration was increased from 2 to 8 minutes by using nZVI 

and decreased to a 23.13 % at 9 minutes as can be seen in Table 4. 

Table 4: Time profile of MFA removal using NPs 

 

Time profile of 40 MFA removal using 0.08 

g IO-NPs 

 at 0.74 V potential 

 

Time profile of 40 MFA removal using 0.08 

g nZVI 

 at 0.74 V potential 

 

Time 

(Minutes) 

Current 

detected 

without 

NPs 

(µA)  

Current 

detected 

with 

NPs 

(µA) 

Removal 

percentage 

(%) 

Time 

(Minutes) 

Current 

detected 

without 

NPs 

(µA) 

Current 

detected 

with 

NPs 

(µA) 

Removal 

percentage 

(%) 

0 13.36 13.36 0.00 0 12.50 12.50 0.00 

2 13.36 10.88 18.56 2 12.50 11.64 6.88 

3 13.36 9.20 31.10 3 12.50 10.06 19.52 

4 13.36 8.36 37.42 5 12.50 9.29 25.63 

5 13.36 7.93 40.62 7 12.50 8.30 33.54 

7 13.36 6.39 52.12 8 12.50 7.52 39.83 

10 13.36 11.00 17.67 9 12.50 9.60 23.13 
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As can be seen clearly in Figure 17, removal percentage kept increasing until it 

reached a maximum value at around 7 minutes and then it dropped down. The 

decrease in the removal percentage shown in Figure 17 indicates increasing the MFA 

percentage in the solution instead of being adsorbed on the NPs which can be 

explained as a reason due to the desorption of MFA from nZVI. 

 

Figure 17: Time profile of 40 mg/L MFA removal percentage at 0.74 V by adding 0.08 g nZVI at pH 7.02 in 

0.1 M KCl using GCE, surface area (0.069 cm2), 300 mV/s. 

 

A CV scan was performed starting from 0.4 V to 1.0 V and was directly swept back 

to show the oxidation peak of MFA. A decrease in the current was noticed as time 

was increasing indicating that MFA was adsorbed on NPs surface and reducing its 

amount in water samples. Due to desorption of MFA from the nZVI surface at around 

9 minutes as presented in Figure 18, it didn’t provide an effective NP to be used for 
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the future experiments. In addition, the percentage removal was smaller compared to 

the one obtained by IO-NPs. 
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Figure 18: CV response for time profile of removing 40 mg/L MFA using 0.08 g of nZVI at pH 7.02 in 0.1 M 

KCl using GCE, surface area (0.069 cm2), 300 mV/s. 

Meanwhile, IO-NPs showed higher removal percentage of MFA.  The adsorption 

percentages were evaluated from Figure 19.  The current started to decrease as time 

was passing showing good removal of MFA. The removal percentage increased from 

18.56 % to 57.79 %, when the contact time was increased from 2 to 7 minutes by 

using IO-NPs and decreased to a 17.67 % at 10 minutes which indicates desorption of 

MFA from IO-NPs as shown in Table 4. 
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As a result, the optimal contact time was considered as 7 minutes which can be used 

in future experiments for removing MFA by using IO-NPs. 

 

Figure 19: CV response for time profile of removing 40 mg/L MFA using 0.08 g of IO-NPs at pH 7.02 in 0.1 

M KCl using GCE, surface area (0.069 cm2), 300 mV/s. 

3.1.4       Effect of Scan Rate 

Figure 20 clearly shows how the current increases with increasing scan rate. Scan rate 

is related to the diffusion layer and the movement of species between the electrode 

and the solution interface. As the species get to the electrode surface, they gain or 

donate electrons to the electrode depending on its potential. The opposite charge 

species keep diffusing towards the electrode with the opposite charge until all sites 

get filled and diffusion of oxidized or reduced species starts to happen toward the 

solution. In fact the slower the scan rate the longer the time needed to record the scan 
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and therefore the diffusion layer components surrounding the electrode differed 

depending on the scan rate. Figure 20 shows the results of a series of LSV studies 

conducted at various speeds. As the scan rate rises, the voltammogram area grows as 

well, and the peak current occurs at higher voltage levels.  

These results are as predicted, and they are comparable to those provided by others 

(Leftheriotis, Papaefthimiou, and Yianoulis 2007). The diffusion coefficient for the 

current peak can be determined using the Randles–Sevcik formula. It is expected for 

the diffusion coefficient to decrease with decreasing scan rate. 

 

 

Figure 20: The effect of scan rate on the analyte's concentration in LSV method 

From performing LSV of different scan speeds it has been observed that the peak 

current increases with the scan speed.  
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It's crucial to understand that current is defined as charge (or electrons passed) per 

unit time. The current going through the electrode in CV is restricted by the diffusion 

of species to the electrode surface. The diffusion flux is affected by the concentration 

gradient near the electrode. Also, the concentration gradient is influenced by the 

species concentration at the electrode and the rate at which the species may diffuse 

through solution. The Nernst equation states that altering the cell voltage changes the 

concentration of the species at the electrode surface. As a result of the larger voltage 

sweep, the concentration gradient at the electrode is bigger, resulting in a higher 

current which can be seen clearly in Figure 20 and Figure 21. 
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Figure 21: Current Vs scan rate for DCF removal using IO-NPs after 8 minutes, at 0.41 V 

potential, and 10-5 sensitivity at different scan rates (0.2, 0.18, 0.16, 0.14, 0.1, 0.08, 0.04, and 0.02 

V/s) 

 

The electrochemical behavior was carried out and the reduction peak current was 

detected. Figure 22 presents a directly proportional relationship between scan rate and 

current, the faster the rate, the higher the current. Current increased from 0.29 to 2.52 

µA as scan rate increased from 0.02 to 0.2 V/s. 
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Figure 22: Effect of Scan rate on 40 mg/L DCF removal using IO-NPs. Scan rate is ranging from 0.02 to 0.2 

V/s on the peak current of 40 mg/L MFA using GCE at pH 7.02 in 0.1 M KCl using GCE, surface area 

(0.069 cm2), 300 mV/s 

 

The data was obtained from LSV response of a 40 mg/L DCF solution after adding 

IO-NPs at different scan rates which can be seen in Figure 23.  

Different LSV of 40 mg/L have been obtained from 0.7 to 0.3 V to show the 

reduction peak and measure the cathodic peak for detecting DCF without using NPs 

at different scan rates. As can be seen in Figure 23 shows the directly proportional 

relationship between scan rates and DCF concentration. 
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Figure 23: LSV response on the peak current of 40 mg/L DCF at pH 7.02 in 0.1 M KCl using GCE, surface 

area (0.069 cm2) at different scan rates (0.04-0.2 V/s) 

 

Reduction peak current was plotted against square root of scan rate in Figure 24 and a 

straight line was obtained which confirms that the reduction was controlled by a 

diffusion process. The figure shows a very good linear relationship between peak 

current and scan rate.  

Therefore, a linear relationship between both current and the square root of scan rate 

was found corresponding to the equation:  
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Ip (µA) = 7.2631 υ
1 / 2 

(Vs
-1

) + 0.8343: R² = 0.9928 

 

Figure 24: Peak Current Vs Square Root of scan rate which was obtained from LSV response of the IO-

NPs on the peak current of 40 mg/L DCF at pH 7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), 300 

mV/s 

 

The coefficient of determination (R
2
) in Figure 24 shows a good linearity since its 

close to a 1 value and indicates that data points are not scattered. In addition, the 

slope was found to be 7.2631 as Figure 24 shows and it shows a direct proportionally 

between the square root of scan rate and peak current.  
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3.1.5       Effect of pH 

3.1.5.1 Effect of pH on DCF 

 

The effect of pH on the current was inspected utilizing cyclic voltammetry. MFA and 

DCF were prepared in different buffers. CVs were performed at two pH values (4.04, 

and 7.02) for the electrochemical investigation of the pharmaceutical’s removal. 

Alkaline media wasn’t applied in DCF investigation since the chemical structure of 

DCF doesn’t differ from the one at pH 7.04 as it was stated in previous study 

(Guzmán-Hernández et al. 2017). Since the structure is the same in basic media as the 

one in 7.04 pH buffer solution as Scheme 1 shows, acidic media was tested instead.  

 

Scheme 1: DCF drug forms at different pH values 
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Attributed to this, it was found in previous research that the highest removal of DCF 

was at pH 3 due to the hydrogen bonding between DCF and nZVI. In basic media, 

DCF deprotonates forming COO- group. In addition, oxidation occurred on the 

surface of NPs forming a positive charge which forms electrostatic interactions. 

Furthermore, nZVI presence in aqueous solution results in adhesion of H
+
 ions on the 

surface which comes from water molecules. Due to this, hydrogen bonding is 

expected to form between H+ and (–COO-) in DCF generating Fe(II)-DCF complex 

(S. M. Sulaiman and Al-Jabari 2021). With increasing pH, the removal efficiency 

decreased as well because of the repulsion forces between similar charges on DCF as 

Scheme 1 reveals and the OH- group accumulated on the NPs. Furthermore, the 

hydroxide ions block active surface sites by creating shells around nZVI particles, 

causing clogging (S. M. Sulaiman and Al-Jabari 2021). 

The point of zero charge (pHpzc) provides details on the charges on the adsorbent 

surface as well as the point at which the material's net surface charge (positive and 

negative charges) are equal.  

Based on previous data, it can be concluded that the pHpzc was around 6.0 and that the 

net charge on the surface of Fe
0
 is positive when pH < pHPZC and negative when pH > 

pHPZC (Al-Kindi et al. 2021).  
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At pH 7.02, the creation of hydrogen bonds by positively ionizing the Fe
0
 surface and 

deprotonating DCF(-CO-) or by forming the Fe(II)-DCF complex might have formed 

since DCF has a negative surface and nZVI had a positive charge (N.Al-Rimawi et al. 

2022). On the other hand, as pH decreases to < 4.15, DCF structure starts having 

(COOH) group and nZVI start having a positive surface. Due to the similar charges, 

hydrogen bonding start to form instead of electrostatic interactions. 

As the pH decreases, more protons would be more accessible affecting the 

adsorbent’s surface charge (Al-Kindi et al. 2021). Electrostatic attraction becomes 

stronger between the DCF and the adsorbent which clearly presented in Figure 25 as 

the peak current decreases. On the other hand, basic media might not perform the best 

removal percentage since nZVI and DCF have a negative surface and repulsion forces 

might occur instead.  

Removal percentage was evaluated of DCF after using nZVI under 4.04 pH media. It 

was found that the removal has occurred immediately and the % removal reached up 

to a value of 97.05 % for 40 mg/L DCF which was higher than the one obtained for 

40 mg/L under 7.02 pH (65.54).  
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Figure 25:  LSV response for effect of pH on 40 mg/L DCF removal using 0.08 g of IO-NPs in a pH 4.04 in 

0.1 M KCl using GCE, surface area (0.069 cm2), 300 mV/s. 

DCF removal percentage was compared between pH 4.04 and 7.02 buffer solutions. 

It was found that percentage removal in pH 4.04 (24.60%) was almost the same as the 

one in pH 7.02 (25.30%).   

As can be seen in Figure 26, the peak potential of DCF shifted toward more negative 

values with using nZVI at pH 7.02. This confirms that the extent of the reaction was 

affected and the reaction occurred favors the products making K>1 according to the 

change in Gibbs free energy and its connection with electrical measurements based 

on Nernst equation 6. 

      –         ......( 7 ) 
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Where     is free Gibbs energy, F is Faraday’s constant,  E  is the potential 

difference which is called the electromotive force (emf), E, of the cell, and   is the 

stoichiometric coefficient of the electrons in the cell’s half-reactions into which the 

cell reaction can be divided (Sataloff, Johns, and Kost 2006). 

The steepness of the graph in Figure 26 has changed as pH of the solution was 

adjusted to different values. CV of 40 mg/L DCF in a 4.04 pH buffer solution has 

shown a reduction peak at potential 0.53 V with a current peak 3.90 µA. The 

reduction peak at pH 4.04 was steeper than the one obtained at pH 7.02. The steeper 

the curve the faster the species get oxidized which reflects the kinetic aspect of the 

process. 

Potential V

0.300.350.400.450.500.550.600.650.70

C
u

rr
en

t 
A

-6.000000x10
-6

-4.000000x10
-6

-2.000000x10
-6

0

2.000000x10
-6

4.000000x10
-6

40 mg/L DCF in a 4.04 pH buffer with IO-NPs
40 mg/L DCF in a 7.02 pH buffer with IO-NPs

i p
c

E p
cE p

c

i p
c

E p
a

E
E

E p
a

 

Figure 26: CV response for effect of IO-NPs on 40 mg/L DCF removal using pH 4.04 and 7.02 buffer 

solutions in 0.1 M KCl using GCE, surface area (0.069 cm2), 300 mV/s. 
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Moreover, a peak shift was observed as the buffer solution changed. As pH decreased 

a shift to the more positive direction took place as illustrated in Figure 26.  

The reduction peak potential Ep
c
 changed from o.42 V to o.53V as the pH changed 

from 7.02 to 4.04 as presented in Figure 26. Throughout applying Equation (7), ΔG  

was calculated to be – 23.04 kJ/mol. This result indicates that the process prefers the 

products comparing to neutral media making K<1. 

 

3.1.5.2 Effect of pH on MFA 

 

MFA exists in different forms depending on the solution pH. When MFA was 

prepared in a pH 4.02 buffer solution, it was expected to have a structure with a 

positive nitrogen atom which was protonated in an acidic media and another negative 

charge from the carboxylic group as Scheme 2 shows. On the other hand, in 7.02 and 

10.06 pH buffer solution, MFA was able to interact with the NPs surface due to the 

electrostatic interaction between the negative charge and the adsorbent’s surface (AL-

Abbassi et al. 2020)  
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Scheme 2: Mefenamic acid forms at different pH values 

The pKa value of MFA in aqueous medium was found to be 4.5; therefore, surface of 

electrode becomes negatively charged on carboxylic acid group (COO-) at pH 7.02 

and 10.06 values.  

While removing MFA using IO-NPs in basic media, the magnetic NPs start having a 

negative charge and the analyte adsorption increases in pH value up to 10 which is 

shown in Figure 27 and this also agrees with a previous study  (Beiraghi et al. 2014). 

The adsorption efficiency is greatly reliant on different factors mainly the charge and 

the morphology of the pharmaceuticals which is presented in Scheme 2. As pH was 

increasing, the adsorption capacity is supposed to increase as it exceeds its pKa value 

(5.4) and starts having a new form with a negative charge. Figure 24 shows how the 

current was almost the same for pH 7.02 and 10.06. The result agrees with the results 

assumed in the beginning since both pH values exceed pKa of MFA.   
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Figure 27: LSV response for effect of pH on 10 mg/L MFA removal using 0.08 g of IO-NPs in a pH 10.06 

and 7.02  in 0.1 M KCl using GCE, surface area (0.069 cm2), 150 mV/s. 

ΔG  was found to be + 6.91 kJ/mol when the solution was prepared at pH 10.06. This 

indicates that the oxidation at pH 10.06 has a value of K<1 (favoring the reactants) 

compared to 7.02 buffer solution which has K>1 (favoring the product). In addition, 

as ΔG   , it means that K>1 and that the reaction favors the adsorption process on 

the NPs surface. As a result, MFA removal percentage was compared between pH 

10.06 and 7.02 buffer solutions. The use of neutral buffers was preferred since that 

percentage removal in pH 10.06 (8%) was less than the one in pH 7.02 (20%). 

Based on previous data, it can be concluded that the pHpzc was around 6.5 and that the 

net charge on the surface of Fe
0
 is positive when pH< 6.5and negative when pH > 



63 
 

6.5. At pH 7.02, the creation of hydrogen bonds by negatively ionizing the Fe
0
 

surface and deprotonating MFA might have formed. On the other hand, as pH 

decreases to < 4.5, MFA structure starts having (COOH) group and IO-NP start 

having a positive surface. Due to the similar charges, repulsion forces might occur 

and removal percentage decreases (Jonoush, Rezaee, and Ghaffarinejad 2020). 

MFA was also prepared in a 4.04 pH solution. For this experiment, the oxidation 

peak didn’t appear in the CV shown in Figure 28. In this case, pH< pKa of MFA and 

the drug had a different structure with a positive charge and the peak response of 

MFA disappeared. At pH 4.5, neutralization occured since MFA structure carries a 

positive charge on NH2
+
 group and a negative sign on COO

- 
. Additionally, MFA 

starts to precipitate especially under a pH lower than its pKa value As it has been 

reported recently (AL-abbassi et al. 2020). 
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Figure 28: CV response for effect of pH on 40 mg/L MFA removal in a pH 4.04 in 0.1 M KCl using GCE, 

surface area (0.069 cm2), 150 mV/s. 

3.1.6       Effect of Temperature  

3.1.6.1 Effect of temperature on DCF  

Effect of temperature on removal of drugs; MFA by IO-NPs and DCF by nZVI was 

investigated at 291, 281 K and different concentrations of 40, 30, 20, 10, and 5 mg/L.  

Different concentrations of DCF were scanned after the addition of nZVI under 10 

ᴼC. As temperature decreased, the removal percentage was evaluated from Figure 29 

and was found to be 53.41 % for 40 mg/L DCF. On the other hand, percentage 

removal at room temperature was slightly higher for the same concentration and was 

found to be 65.54%. This result can be explained due to the higher kinetic energy and 

higher solubility of DCF which speeds up the adsorption process on the NPs surface.   
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Figure 29: A LSV response of the effect of temperature 10⁰C on the peak current of 40, 30, 20, 10, and 5 
mg/L m DCF after adding 0.08 g of nZVI in the aqueous solution at pH 7.02 in 0.1 M KCl using GCE, 

surface area (0.069 cm2), 150 mV/s 

Drug removal under high temperature wasn’t performed in this study since it was 

reported that as the temperature increases above 25ᴼC, the adsorption didn’t change 

and the removal didn’t exceed the one at room temperature (S. M. Sulaiman and Al-

Jabari 2021). As temperature increased, kinetic energy increased which led to an 

increase in the adsorbed amounts of the absorbent on the NPs surface due to 

increasing the mobility and higher ability to contact with the NPs’ surface. 

3.1.6.2 Effect of Temperature on MFA 

For MFA, oxidation peak current without IO-NPs didn’t change from the one with 

IO-NPs after decreasing temperature as it’s represented in Figure 30.  As a 

consequence, it indicates that the process doesn’t favor low temperature and the 
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adsorption was more effective as temperature was increasing in the range of room 

temperature. Meanwhile, a slight shift towards a more positive direction occurred 

when the removal was performed at room temperature compared to the one at 10ᴼC 

which resulted a +ΔG   value. This also specify that the reaction has a K value larger 

than 1. In addition, the shape of the peak represented the kinetic aspect of the 

reaction. The scan at temperature 10ᴼC wasn’t as steep as the one at room 

temperature which means that the reaction is slower and the adsorption takes longer 

time at lower temperature values. 
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Figure 30: A LSV response of the effect of temperature 10⁰C on the peak current of 20 mg/L DCF after 

adding 0.08 g of IO-NPs in the aqueous solution at pH 7.02 in 0.1 M KCl using GCE, surface area (0.069 

cm2), 300 mV/s 

The impact of high temperature on the MFA removal wasn’t investigated in this 

research. The influence of temperature of MFA was determined by other researchers 
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in the range of 15ᴼC—55ᴼC and the results indicated that percentage removal has 

reached to 99% at 55ᴼC (S. Sulaiman and Shahwan 2017). The reason behind this 

result might be the increase in kinetic energy. Another reason might be that 

increasing the temperature improves the solubility of MFA drug in the medium, 

increasing their adsorption capability (Bakr et al. 2018). 

3.2 Electrochemical Characterization of MFA   

MFA has showed only one oxidation peak at around 0.72V as can be seen in Figure 

31 after the LSV was swept from 0.4 V to 1.0 V. The anodic peak of the 

electrochemical oxidation of MFA was performed. In this system, a 1 e
-
 transfer is 

involved in this process (Bukkitgar et al. 2014). 
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Figure 31: LSV response of 40 mg/L MFA in a in a pH 7.01 in 0.1 M KCl using GCE, surface area (0.069 

cm2), 150 mV/s. 
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With this knowledge, the reaction can be presented for the oxidation of MFA at the 

surface of GCE. The reaction is given in the reaction below. 

 

 

 

In the reaction above, the nitrogen electron was lost instead of the one for carboxylic 

acid because of the conjugated effect which stabilize the structure by delocalizing the 

radical form. 

3.3 Electrochemical Characterization of DCF Drug  

 

The cyclic voltammograms (CVs) are obtained in the presence of 40 mg/L DCF. The 

glassy carbon electrode (GCE) exhibit two oxidation peaks at around 0.5 and 0.8 V 

respectively, when the sweep was initiated in the positive direction. Another peak 

was also detected for reduction at around 0.45 V. All peaks were observed on the 
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reverse scan indicating that the electron transfer on the GCE is irreversible. The scan 

rate was fixed at 0.3V s
-1

.  

The CV measurement of DCF in Figure 32 supports the DCF oxidation scheme. DCF 

produces a single irreversible oxidation peak at roughly 0.80 V in the scan cycle, as 

seen in Figure 32, which can be attributed to DCF oxidation to 5-OH DCF (peak (2)). 

A reduction peak was seen in the reverse scan at around 0.45 V (peak (3))indicating 

the presence of DCF 2,5-quinone imine, with an oxidation peak at about 0.50 V.  
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Figure 32: CV of 40 mg/L DCF in a in a pH 7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), scan 

rate of 300 mV/S, and over a potential range from 0.3 to 0.9 V  
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ΔEᴼ was measured for DCF for the conversion of 5-OH DCF to DCF 2, 5-quinone 

imine and was found to be 0.042 V. According to ΔEᴼ value, it was assumed that it 

could be the cause of this reversible redox pair since it is < 59/n mV. 

Scheme 3 depicts the electrochemical activity of DCF. The first step includes the 

removal of one electron (1), which results in the production of a radical cation with a 

nitrogen core (2). The radical cation undergoes rearrangement and de-protonation, 

resulting in a carbon-centered radical para to the amino group (3), followed by a 

second electron withdrawal to form a carbocation (4). The carbon cation combines 

with water and the intermediate aromatizes to produce 5-OH DCF (5). As a result of 

the loss of 2e and 2H+, DCF is oxidized to 5-OH DCF (Mekassa et al. 2018). 

A reversible electrode reaction using 2e, 2H
+
 forms quinone imine (7) from the 5-OH 

DCF intermediate.  
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Scheme 3: Reactions for the electro-oxidation of DCF (Mekassa et al. 2018) 

 

The oxidation peak (around 0.80 V) was unstable and dropped sharply during 

subsequent scan cycles, whereas the reversible redox pair produced highly persistent 

redox peaks. It only further demonstrates that the development of the unstable 5-

hydroxy DCF intermediate causes the first anodic peak, but the formation of stable 

(2) 

(3) 

(4) (5) 

(6) (7) 

(1) 
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equilibration between 5-OH DCF and DCF 2,5-quinone imine causes the redox pair 

to be stable. As a result, for the measurement of DCF in this study, the voltammetric 

signals corresponding to the other anodic peak current (around 0.50 V) were 

frequently recorded (Mekassa et al. 2018). 

The linear relationships between MFA and DCF peak current Ip and the concentration 

in the Randles-Sevcik equation indicated that current is directly proportional to the 

analyte’s concentration.  

ip = (2.69x10
5
) n

3/2
ACD

1/2
v

1/2
 

Where ip is the peak current in amperes (A), the constant has a unit of A s V
-1/2

 mol
-1

, 

n is number of electrons appearing in the half reactions, A the electrode area in cm
2
, 

C is concentration in mol.cm
3
, D is the diffusion coefficient in cm

2
.s

-1
, and v is the 

scan rate in V.s
-1

 (Townshen 1983). 

3.4 Physicochemical characterizations DCF drug 

 

3.4.1 IR Characterization   

In order to inspect any possible interactions between drugs DCF and NPs, Fourier 

transform infrared (FT-IR) was performed. Initially, FT-IR spectra of DCF drug are 

shown in Figure 33. The spectrum clearly shows well-defined peaks at around 

3386.75 cm
-1

 (N-H amine), 748.22 cm
-1

 (δ C-H aromatic), 448.26 cm
-1

 (C-Cl), 3203.76 

cm
-1

 (COOH carboxylic acid), 1281.66 cm
-1

 (C-N), 3079.61 cm
-1

 (C-H aromatic), and 

1500.35 cm
-1

 (C=C). different peaks are in agreement with previous studies such as 
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1503 cm
-1

 for (C=C), 1289 cm
-1

 for (C-N), and 3383.75 cm
-1

 for (N-H amine) (S. M. 

Sulaiman and Al-Jabari 2021). 

 

Figure 33: Fourier transform infrared spectroscopy (FTIR) spectra: (blue) diclofenac sodium DCF; (red)-

Fe3O4 particles with KBr; and (green) is Fe3O4 with both KBr and DCF. 

Later, the surface of the iron (IV) oxide NPs was characterized with KBr and spectra 

was recorded as it can be seen in Figure 33. The bare super magnetic NPs were 

determined by 577.94 cm
-1 

(the vibration of Fe-O bonds). In addition, the surfaces of 

the NPs were covered by O-H groups in the process of preparing Fe3O4 NPs by the 

chemical co-precipitation. Due to the presence of hydroxyl group, other peaks have 

appeared at around 1625.95 and 3387.53 cm
-1

. The data presented is in line with 

earlier studies.  
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The vibration of Fe-O bond was shown in (Kan et al. 2009) at around 580 cm
-1 

and in 

the range of 579-635 cm
-1

 (Wan Nor et al. 2018). O-H groups have been detected at 

around 1630 cm
-1

 since they cover the magnetic NPs surface (K. Yang et al. 2010). 

Fe-OH bond was also identified at 1609 and 3369 cm
-1

 (Wan Nor et al. 2018). 

The following step was recording FT-IR spectrum of dried nZVI at room temperature 

which was homogenized with a sample of KBr which is presented in Figure 34. The 

spectrum was obtained for the range between 500 and 4,000 cm
-1

. A peak at 3,425.61 

cm
-1 

was detected and attributed to hydroxyl stretching vibration and the other peak at 

1,630.70 cm
-1 

which was ascribed to O-H bending vibration of the adsorbed water on 

the surface. These two peaks indicate that nZVI go through oxidation which led to the 

formation of ferrioxyhydroxide layer (FeO-OH) on the NPs’ surface.   

The stretching band of Fe-O occurred at 476.89 and 1030.22 cm
-1

. The results 

supports previous data which shows the oxidation of NPs from the stretch of O-H 

bond at 3,421 cm
-1

. Furthermore, bending vibration was identified at around 1641 cm
-

1
 (Singh, Misra, and Singh 2011). 
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Figure 34: Fourier transform infrared spectroscopy (FTIR) spectra: (blue) diclofenac sodium DCF; (red)-

nZVI with KBr; and (green) is nZVI with both KBr and DCF. 

DCF was further characterized after the adsorption process by FTIR in the 

wavelength range of 400–4000 cm
-1

 to determine the chemical bonding on the surface 

of NPs and the desired analytes as seen in Figure 33 and Figure 34. Due to the small 

amounts used in this method, it wasn’t able to detect a change on the NPs since the 

largest amount used, the analyte’s peaks didn’t appear on the NPs surface since the 

largest amount used in this research was 40 mg/L.  

Number of new bands appeared at in FT-IR spectrum Figure 33 for the adsorption of 

DCF on IO-NPs surface (1382.98, 1472.49, 1505.92, and 1624.72 cm
-1

) bands were 

attributed to the presence of DCF after adsorption on IO-NPs.  
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3.4.2 SEM and TEM characterization 

 

SEM and TEM were used to characterize the synthesized adsorbents (nZVI). SEM 

and TEM methods were used to analyze the surface morphology of Fe
0 

of the same 

batch used in this study. A chain-like structure of spherical NPs with an average 

diameter of 60 nm was formed by aggregating Fe
0
 NPs as evidenced by the structure 

and surface morphology of Fe
0
. The effectiveness of the contaminants' removal might 

decrease because the aggregation of Fe
0
 NPs diminishes their surface area and 

restricts their ability to disperse in the solution (N.Al-Rimawi et al. 2022). 

3.5 Calibration Curves of the pharmaceutical’s removal using NPs 

3.5.1 Calibration Curves of DCF 

 

Firstly, DCF determination after the adsorption on the NPs was carried out in PBS 

solution. Figure 35 shows CV for 40 mg/L concentration of DCF. A calibration curve 

was obtained for the reduction peak current shown around a potential of 0.41 V after 

8 minutes of IO-NPs. A linear increase of currents was observed with increasing 

concentrations of DCF. The result indicates that it is feasible to electrochemically 

detect DCF.  
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Figure 35 shows how all three peaks current decreases as we add IO-NPs. For 

calibration curve, the reduction peak at around 0.41 V was chosen to indicate the 

relationship between current and concentration. 
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40 mg/L  DCF with IO-NPs 

 

Figure 35: CVs of 40 mg/L DCF in in a pH 7.02 PBS in 0.1 M KCl using GCE, surface area (0.069 cm2), 300 

mV/s. with and without IO-NPs 

To better show the effect of the IO-NPs addition, calibration curves for different DCF 

concentrations were constructed while keeping the NPs dose and pH value the same. 

Figure 36 shows a series of data points for the cathodic current obtained: 7.02 pH 

buffer solution serving as a background, DCF solutions prepared in a 7.02 pH buffer 

without IO-NPs, and DCF solutions prepared in a 7.02 pH buffer with IO-NPs. The 

slopes of calibration curves presented in Table 5 shows improvement in 
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electrochemical detection when the potential was held constant at 0.4100 V. Slopes 

for each calibration curve were compared which refer to the sensitivity and removal 

extent. The slope of line B after NPs addition was found to be less than line A which 

means its less steeper and the drug was removed with IO-NPs addition. 

 

Figure 36: Calibration curve for DCF removal using IO-NPs after 8 minutes, in a pH 7.02 in 0.1 

M KCl. The potential was kept at 0.4100V  

 

On the other hand, coefficient of determination R
2
 of calibration curves were 

determined for each line. R
2 

is a measure of how well a set of data fits a calibration 

curve. It was found to be smaller for lines A and C than for line B which means that 
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data points for line A and C fits the calibration line the most.  As we use IO-NPs to 

remove DCF, it was reported in Table 7 that the drug’s concentration decreases, this 

agrees with the slopes magnitude and the steepness calibration line with and without 

NPs. The percentage removal was reported to be 9.10% for 40 mg/L DCF after IO-

NPs in Table 7.  

Later on, DCF was removed almost completely by using nZVI as can be seen in 

Figure 37 due to the electrostatic attraction forces between nZVI and either 

carboxylic or amine group on the DCF surface.   

LSV in Figure 37 shows how the reduction peak current at potential around 0.4 V has 

faded as nZVI were added to the water sample. LSV for 40 mg/L DCF solution with 

nZVI has showed a high removal percentage up to 65.54 % as Table 7 shows. 
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Figure 37: LSV response of an overlay of different concentrations of DCF after using nZVI in a in a pH 

7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), scan rate of 300 mV/s over a potential range of 0.6 

to 0.3 V 

A more detailed analysis is shown in Figure 38. The reduction peak was chosen to 

indicate the relationship between current and concentration. Calibration curves for 

different DCF concentrations — 40, 30, 20, 10, 5 and 2.5 mg/L — were constructed 

while keeping the nZVI amount the same under 7.02 pH value. Figure 38 shows a 

series of data points generated: 7.02 pH buffer solution, DCF solutions prepared in a 

7.02 pH buffer without nZVI, and DCF solutions prepared in a 7.02 pH buffer with 

nZVI. The slopes of calibration curves presented in Table 5 which represent the 

process sensitivity.  
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Figure 38: Calibration curve for DCF removal using nZVI in a in a pH 7.02 in 0.1 M KCl using 

GCE, surface area (0.069 cm2), scan rate of 300 mV/s, after 8 minutes, at 0.40V potential.  

 

For nZVI, slope of line F (0.0064 µA/ mg/L) in Table 5 was smaller than for line D 

(0.0650 µA/ mg/L). The slope values indicate that line D is steeper than line F, 

meaning that the amount of DCF in water sample has decreased due to adsorption on 

the nZVI. 
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Table 5: Characteristics of calibration curves for DCF removal using IO-NPs and nZVI 

Type of 

NPs 

Type of 

solution 

Line equation  R
2
 Sensitivity  

 

IO-NPs 

 

 

 

Blank y = 0.0279x + 2.3762 

 

 

0.9729 0.02 

40 mg/L 

DCF sodium 

without NPs 

y = 0.0579x + 2.3867 

 

 

0.9461 0.05 

40 mg/L 

DCF sodium 

with NPs 

y = 0.0502x + 2.1625 

 

 

0.9717 0.05 

 

nZVI 

Blank y = 0.002x + 1.5043 0.9072 

 

0.02 

40 mg/L 

DCF sodium 

without NPs 

y = 0.0657x + 1.7107 0.9860 

 

0.06 

40 mg/L 

DCF sodium 

with NPs 

y = 0.0064x + 1.203 0.4680 

 

0.06 

 

DCF is known of having two Cl groups which might form a repulsion forces between 

the IO-NPs and DCF drug and inhibited the adsorption and removing process from 

the aqueous solutions. As a result nZVI were a better option to remove DCF sodium 

as Table 7 shows. 

3.5.2 Calibration Curves of MFA  

MFA was removed at first by using IO-NPs as can be seen in Figure 39 due to the 

electrostatic attraction forces and H-bonding between IO-NPs and MFA drug.  Peak 
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current values are determined using CV technique with a scan rate of 0.3 V/s, and the 

potential was swept from 0.4 V to 1.0 V using GCE Vs Ag/AgCl. 

The slopes of calibration lines that interpolate experimental data were used to 

calculate the sensitivity. Figure 39 shows how oxidation peak current for a 40 mg/L 

MFA solution decreases as we added IO-NPs. For calibration curve, the oxidation 

peak at around 0.7 V was chosen to indicate the relationship between current and 

concentration. 
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Figure 39: CVs response of 40 mg/L MFA after using nZVI in a in a pH 7.02 in 0.1 M KCl using GCE, 

surface area (0.069 cm2), scan rate of 300 mV/s over a potential range of 0.6 to 0.3 V with and without IO-

NPs 
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 To better show the effect of IO-NPs addition, calibration curves for different MFA 

concentrations were constructed while keeping the NPs dose (0.08g) and (7.02) pH 

value the same for all experiments as presented in Figure 40. The calibration Curves 

in Figure 40 shows a series of data points for the anodic current obtained: 7.02 pH 

buffer solution serving as a background, MFA solutions prepared in a 7.02 pH buffer 

without IO-NPs, and MFA solutions prepared in a 7.02 pH buffer with IO-NPs. The 

slopes of calibration curves were presented in Table 6 which shows improvement in 

electrochemical removal when the potential was held constant at 0.74V.  

 

Figure 40: Calibration curve for MFA removal using IO-NPs in a pH 7.02 in 0.1 M KCl using 

GCE, surface area (0.069 cm2), scan rate of 300 mV/s, after 7 minutes, at 0.74V potential, and 10-5 
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Slopes for each calibration curve were compared in order to refer to the sensitivity 

and the removal extent of MFA removal in water samples. The sensitivity from slope 

magnitude of line I after IO-NPs addition was less than for line H. according to the 

steeper calibration curve, the amount of MFA removed has increased after IO-NPs 

addition. 

In addition to Figure 40 which demonstrates that IO-NPs do provide a good adsorbent 

to remove the desired drug, Table 8 includes the removal percentage of MFA from 

water samples which reached to a magnitude of 20.07 % for a 40 mg/L MFA 

prepared solution after adding 0.08 g of IO-NPs.  

Lastly, MFA removal was tested by using nZVI which was illustrated in Figure 41. 

An increase in the anodic current peak has appeared around a potential of 0.7 V 

without nZVI. Meanwhile, after nZVI were added, a shift in the oxidation peak has 

occurred as CV in Figure 41 shows with a ΔEᴼ magnitude of -0.04 V. AS a result, 

ΔG  was calculated by Nernst equation and found to be +4.72 kJ/mol which indicates 

that the reaction doesn’t favor the products as nZVI were added. 
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Figure 41: CV of 30 mg/L MFA in a pH 7.02 in 0.1 M KCl using GCE, surface area (0.069 cm2), scan rate of 

300 mV/s over a potential range of 0.4 to 1.0 V with and without nZVI 

 

The anodic peak was chosen to indicate the relationship between current and MFA 

concentration. Calibration curves for different MFA concentrations — 40, 30, 20, 10, 

and 5 mg/L — were constructed as seen in Figure 42 while keeping the nZVI dose 

the same under 7.02 pH value. Figure 42 shows a series of data points generated: 7.02 

pH buffer solution, MFA solutions prepared in a 7.02 pH buffer without nZVI, and 

MFA solutions prepared in a 7.02 pH buffer with nZVI.  
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The slopes of calibration curves presented in Table 5 which represent the process 

sensitivity compared for water sample. 

It was concluded that removal percentage didn’t exceed 5% as represented in Table 8. 

This result can also be predicted from the calibration curve slope which was (0.1110 

µA/ mg/L) for line L similar to the slope of line K without NPs (0.1205 µA/ mg/L) as 

Figure 42 shows. 

 

Figure 42: Calibration curve for MFA removal using nZVI after 7 minutes, at 0.71 V potential, 

and 10-5 sensitivity 
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The main characteristics of the MFA calibration curves are summarized in Table 6 

which includes sensitivity, coefficient of determination and the equation line of each 

calibration curve for MFA removal using IO-NPs and nZVI. 

Table 6: Characteristics of calibration curves for MFA removal using IO-NPs and nZVI 

Type 

of 

NPs 

Type of 

solution 

Line equation R
2
 Sensitivity  

 

IO-NPs 

 

 

 

Blank y = 0.0407x + 4.6611 

 

 

 

 

0.7294 0.04 

40 mg/L MFA 

without NPs 

y = 0.1898x + 4.8686 

 

 

0.9664 0.18 

40 mg/L MFA 

with NPs 

y = 0.1345x + 4.1702 

 

 

0.9849 0.13 

 

nZVI 

Blank y = 0.0062x + 5.2771 

 

 

0.0472 

 

0.00 

40 mg/L MFA 

without NPs 

y = 0.1205x + 4.605 

 

 

0.8394 

 

0.12 

40 mg/L MFA 

with NPs 

y = 0.111x + 5.1419 

 

 

0.8778 

 

0.11 

 

For Table 6, R
2
 value was found to be greater for IO-NPs than nZVI. This means that 

the data points are more scattered for nZVI. It also shows that the regression line fits 

the data more for IO-NPs.  
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3.6 Percentage Removal of Pharmaceuticals Using NPs 

 

3.6.1 Percentage removal of DCF using nZVI and IO-NPs 

 

In general, removal efficiency percentage is a percentage representation of the 

removal efficiency for a specific pollutant or contaminant parameter across a water 

treatment facility; it can be measured by comparing influent and effluent 

concentrations over time. From current values on the Y axis in calibration curves, we 

can define the removal percentage which can be found in Table 7. Removal 

efficiency of DCF was determined according to Equation 8 (M. Al-Jabari et al. 2018).  

 ( )   
     

  
       ......( 8 ) 

Where C0 is the pharmaceuticals’ concentration in a solution without NPs, and Ct is 

the pharmaceuticals’ concentration in a solution with NPs after 8 minutes of 0.08g of 

NPs addition. 

Table 7: Calculated removal efficiency percentages of DCF using 0.08 g from both nZVI and 

 IO-NPs 

Nanoparticles  Read at 

Potential 

V 

Removal 

% 

40 mg/L 

Removal 

% 

30 mg/L 

Removal 

% 

20 mg/L 

Removal 

% 

10 mg/L 

Removal 

% 

5 mg/L 

Removal 

% 

2.5 mg/L 

Iron zero  0.41 65.54 63.37 53.92 48.73 44.60 29.51 

Iron oxide  0.41 9.10 14.32 10.38 10.93 7.58 4.32 
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On one hand, the data in Figure 43 clearly shows that DCF removal percentage 

increases significantly with using nZVI as concentrations increases indicating a 

promising method to remove DCF drug from wastewater samples. On the other hand, 

IO-NPS were able to remove DCF up to a certain point which was lower than the one 

obtained using nZVI.  

  

Figure 43: DCF concentration Vs removal percentage efficiency using 0.08 g of nZVI and IO-NPs after 8 

minutes 

3.6.2 Percentage Removal of MFA using nZVI and IO-NPs 

Equation 8 was also used for MFA removal percentage calculations which are 

presented in Table 8. A difference between nZVI and IO-NPs is shown as the 

removal percentage increases with IO-NPs due to stronger electrostatic interactions 

rather than with nZVI. 
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Table 8:  Calculated removal efficiency percentages removal of MFA using 0.08 g from each of  

nZVI and IO-NPs 

Nanoparticles  Read at 

Potential 

V 

Removal  

% 

40 mg/L 

Removal 

% 

30 mg/L 

Removal 

% 

20 mg/L 

Removal  

% 

10 mg/L 

Removal 

% 

5 mg/L 

Iron zero  0.71 0.18 5.85 5.72 2.93 4.14 

Iron oxide  0.74 20.07 25.92 23.13 22.94 6.47 

 

Current was measured in CVs at a fixed potential for nZVI at around 0.71 for all 

MFA concentrations after 7 minutes. On the other hand, current was read at 0.74 after 

IO-NPs addition in MFA samples. 

 The data in Figure 44 clearly shows that MFA removal percentage increases as 

concentrations increases indicating a promising method to remove MFA drug from 

wastewater samples by using IO-NPs. nZVI were not able to provide a percentage 

removal higher than 5% in all concentrations unlike IO-NPs which was able to 

remove almost 25% in a 30 mg/L MFA sample. 
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Figure 44: MFA concentration Vs percentage efficiency removal using nZVI and IO-NPs 

 

3.7 Drug Adsorption  

As indicated by the presented results in general, it seems like the removal process 

takes place due to different interactions between MFA and NPs (nZVI and IO-NPs). 

The predicted reasons for the removal are likely due electrostatic interactions 

including ion dipole interaction, dipole-dipole, and H bonding, as presented in 

Scheme 4 and 6. 

Intermolecular forces (electrostatic interactions) are often weaker than covalent 

bonds. At 100°C, it takes 927 kJ to break both O-H bonds in 1mol of H2O and 

overcome intramolecular forces, but only 41 kJ to transform 1 mol of water into 

vapor and overcome intermolecular forces (B. B. Sharma and Rajan 2022). The 

combination of both attracting and repulsive components makes up these 

intermolecular interactions. Dipole-dipole interaction is the physical interaction 
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between two dipolar molecules. One of the molecules' partially negative portions is 

attracted to the partially positive portion of another polar molecule. Hydrogen 

bonding is a strong dipole-dipole type of interaction. Bonds of this sort are stronger 

than dipole-dipole interactions, but not as strong as covalent and ionic bonds. 

Molecules must contain hydrogen connected to a highly electronegative atom (F, O, 

and N) and a lone pair of electrons on a tiny highly electronegative atom for 

hydrogen bonding to occur. 

The net surface charge of MFA can be indicated using zeta potential analyzer and 

found to be zero at pH 7 in phosphate buffer solution. This implies that the adsorption 

mechanism of MFA wasn’t a result of electrostatic interaction. Meanwhile, 

deprotonated MFA which holds a negative charge can be adsorbed on the NPs 

surface due to electrostatic interactions under basic media (Sompornpailin et al. 

2020).  

Nanoparticles have numerous properties due to their high surface area and strong 

interactions with pharmaceuticals to help with their removal. MFA has a carboxylic 

group which has a high affinity for metallic oxides NPs, As a result of the positive 

charge on iron (IV) and negative charge on MFA from carboxylic group under basic 

media (S. Yu and Chow 2004). The adsorption of MFA is promoted by the 

electrostatic interaction between the negatively charged molecule and the positively 

charged iron (IV) as can be seen in Scheme 4. It could also partially be attributed by 

the electrostatic interaction which can be promoted by the terminal –OH/O- and the 
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positively amine group –NH2. Another reason of the numerous interactions might 

come from the hydrogen bonding with hydroxyl groups on metal oxide surface 

(Sompornpailin et al. 2020).  

 

Scheme 4: IO-NPs -Mefenamic possible interaction model under acidic media   

In essence, Fe
0
 provides reducing capacity which is presented in Scheme 5, while the 

ferric oxide shell provides reactive and electrostatic interaction sites with heavy 

metals according to the standard potential E
0
 which is mainly composed of reduction 

and sorption (J. Yang et al. 2019). Furthermore, the particle size of nZVI may be 

controlled, and the surface has a lot of reactive sites. The better efficacy of nZVI in 
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eliminating heavy metals from wastewater is due to its high reduction capacity and 

wide specific surface area as seen in Scheme 5 (Kharisov et al. 2014). 

 

Scheme 5: Magnetic nanoparticles schematic model (nZVI, and Fe3O4). 

 

For nZVI, there were limited studies on using these nanoparticles alone for removing 

pharmaceuticals in water (Liu et al. 2019). Oxidation of nZVI is very common where 

these nanoparticles undergo oxidation by oxidants like water or dissolved oxygen in 

the atmosphere (Sravanthi, Ayodhya, and Yadgiri Swamy 2018). As nZVI corrode in 

natural water (pH 4-9), producing hydrated iron oxide Fe2O3.xH2O, FeOOH, and 

Fe3O4 on the metal surface which form stronger interactions with different groups 

such as –NH-, =O, -COOH, and N of the targeted pharmaceuticals through H bonding 
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which improves the removal process by nZVI as presented in Scheme 6 (Rubio-

Retama et al. 2010). In this research, the anionic DCF molecules can develop ion-

dipole interactions with the polar –OH groups on the nZVI (Punyapalakul et al. 

2013).  

Scheme 6 shows the possible interactions between nZVI nd DCF drug. DCF 

molecules have functional groups like carboxylate or NH group, they can be 

physisorbed at the nZVI surface in aqueous media: the functional groups interact with 

the protonated or deprotonated OH groups on the surface of the NPs through 

electrostatic interactions. Molecules, on the other hand, can react with the NP 

surface's –OH groups either by H-bonding or ion-dipole interactions (Cotin et al. 

2018). The –OH groups on the surface are amphoteric, and the surface charge may be 

altered by adjusting the pH. The surface of the iron oxide NPs can thus be positively 

or negatively charged depending on the pH of the solution. The pH at which the 

surface has equal numbers of positive and negative charges is known as the 

isoelectric point (IEP).The NPs are positively charged at acidic pH and negatively 

charged at basic pH. 
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Scheme 6: nZVI –DCF possible interaction model at acidic and basic media 

Another study described in Figure 45 has showed that adsorption is affected by the 

attraction force either between the free electron pair of the π electrons in the DCF two 

phenyl rings and the vacant orbitals of NPs or between nitrogen and oxygen 

(heterogeneous atoms) with the vacant orbitals of nZVI by physical interactions (AL-

abbassi et al. 2020).  
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Figure 45: Adsorption mechanism of DCF drug on iron particles (AL-abbassi et al. 2020) 

The energy of the highest occupied molecular orbital (HOMO) of DCF has been 

stated to be high (-4.695 ev) which mainly shows that DCF has the ability to attack 

another electrophile and donate electrons to other molecules/particles which have 

empty orbitals as can be seen in Figure 46. 

 

Figure 46: A computer- optimized DCF drug that constructs HOMO & LUMO orbits (AL-

abbassi et al. 2020) 
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The energy gap between HOMO and lowest occupied molecular orbital (LUMO) in 

Figure 46 describes the reactivity of drugs such as DCF on metal surfaces. Therefore, 

larger the energy gap the weaker the bonds (AL-abbassi et al. 2020).  

One thing that should be taken into consideration is that soft acids (more electrons, 

more polarizable, and larger size) tend to react with soft bases (soft-soft combination) 

and hard acids (larger nuclear charge and smaller size) form stronger interactions 

with hard bases (hard-hard combination). Furthermore, MFA is known with having a 

COOH group which is considered to be a hard acid and prefers bonding with iron of a 

4 oxidation state. This hypothesis can also assess which NP has a stronger interaction 

with the pharmaceuticals used (MFA and DCF). 
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Chapter Four: Conclusion 

4. Conclusion 

The main aim of this study was to assess the pharmaceuticals’ removal in aqueous 

solutions using electrochemical techniques. The investigation was tested towards 

MFA and DCF in the presence of two types of NPs (IO-NPs and nZVI). Glassy 

carbon electrode showed a great potential in detecting both drugs with a high 

sensitivity. 

Firstly, the study involved different electrochemical techniques at relatively low 

concentrations of DCF and MFA in the presence of NPs. Then, a comparison of the 

results obtained has been performed using two types of working electrodes; glassy 

carbon electrode and gold working electrode. The detection limit of GCE was  higher 

than Au electrode and gave more promise on detection the concentration of MFA and 

DCF. 

Secondly, IO-NPs and nZVI were used in order to adsorb pharmaceuticals from water 

samples. Removal was obtained for both drugs and both NPs.  Afterwards, different 

parameters were studied including NPs dose, contact time, scan rate, pH, and 

temperature in order to find the optimum conditions for the highest removal 

percentage. For DCF, the highest percentage was obtained by using nZVI at room 

temperature under acidic media immediately. On the other hand, MFA was removed 
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after 7 minutes at room temperature by using IO-NPs. The variation in removal 

efficiency was calculated and extent of the reaction was obtained for the removal 

process.  

Finally, explanations were offered to support the obtained data in this research. 
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Chapter Five: Future Studies and Recommendations 

5. Recommendations: 

For studying MFA removal: 

1. The first stage would be investigating the usage of other types of NPs other 

than IO-NPs such as silica nanoparticles for a higher percentage removal due 

to their high melting point, stability, low toxicity, and great intrinsic reactive 

sites. 

2. Next stage would be investigating the removal process using different types of 

working electrodes mainly pencil graphite. The graphite electrode is made up 

of 65% graphite. The presence of sp
2
 hybridized carbon provides various 

unique qualities, including excellent adsorption, electrical conductivity, and a 

low background current (David et al. 2022). 

3. Further research needs to investigate the mechanism of pharmaceuticals’ 

removal by DigiSim® for CV scans in order to observe changes in speed of 

reaction due to NPs addition. 

4. Scale up the removal process by performing a series of columns to separate 

pharmaceuticals from water samples by the adsorption on the NPs surface. 
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For studying DCF removal: 

1. Initially, a further Research needs to investigate the mechanism of using nZVI 

in this study to remove DCF drug by DigiSim® for CV scans in order to 

observe changes in speed of reaction due to NPs addition. 

2. Test the sensor’s selectivity by using two different chemicals and efficiently 

separate them by the adsorption of only one on the NPs surface depending on 

the electrostatic interactions strength while keeping the other one in the water 

sample. 

3. The following stage would focus on investigating real concentrations of DCF 

in wastewater, and use the NPs to remove them. 

4. Wastewater recycling and reuse might be a viable option for unpolluted water 

sources, as well as a potential solution to water shortage in Palestine. 

Therefore, the last stage would mainly focus on scaling up the removal 

process by performing a station to expand the scale by building series of 

columns filled with nZVI where wastewater can go through it in order to 

remove the desired contaminants.  

Adsorption investigations in continuous mode 

The adsorbent will be placed within a glass column and utilized for DCF adsorption 

and removal from wastewater samples. Scheme 7 shows a schematic depiction of a 

proposed glass column.  
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The glass column will be about 20 cm in length and 2 cm in diameter. A given 

amount of nZVI will be placed into a glass column, and wastewater sample will be 

allowed to flow through it at a certain pace. The concentration of DCF will be 

measured before and after treatment with a CHI760 instrument. 

 

Scheme 7: Proposed small experimental station of nZVI adsorbent packed inside a glass column 
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