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Abstract 
 

 

 

Nanomaterial-based adsorbents and photocatalysts have gained increasing attention 

in the applications of water and wastewaters treatment due to their attractive properties and 

strong adsorption capabilities for a wide range of contaminants. The objective of this study 

is to fabricate, characterize, and apply a group of nanomaterials to adsorb, remove, and 

degrade contaminants in water. An iron oxide/graphene oxide (IOGOx) composite was 

evaluated for the effective As(V) removal from the aqueous solutions. Adsorption on 

hematite and IOGO(25%) at 25°C, pH 7, and 1 mM NaNO3 showed 76% of As(V) removal 

within the first 5 minutes and 95% at 40 minutes. As(V) adsorption efficiency increased 

with increase GO loading; while, this efficiency decreased at high IO loading. Kinetic data 

was a well fitted to pseudo-second-order, so those results suggested that the surface 

complexation is the main mechanism for As(V) adsorption on the surface of adsorbents. 

All composites were able to reduce the As(V) concentration below 10 μgL-1 that is the 

recommended maximum permissible concentration of As(V)  in drinking water by World 

Health Organization (WHO).  

A novel technique for coating a group of tubular ceramic membranes by multi-

layers of TiO2 was used to reduce the pore size of the support membranes and to improve 

their performances. Polyethylene glycol was used as a model molecule to compare and 

examine the coated membranes in the evolution of fouling and rejection over time. The 

SEM images showed that TiO2 covered the surface and the active layer; therefore, the 

permeable path sizes decreased gradually. The results of flux and permeability of 

membranes confirmed the success of the coating. The transmembrane pressure (TMP) 



 xvi 

increased with each coating layer, while the rejection of the membrane was improved. After 

cleaning the membranes with ultrapure water, TMP of all the membranes decreased until 

reaching to the clean material values. In this study, 4-layers coated membrane showed its 

ability to be used many times after cleaning with ultrapure water.  

The coated membranes were tested for a novel technique that combines filtration 

and advanced oxidation processes for sulfamethazine (SMZ) removal and degradation 

using a continues flow reactor and under different conditions. The system included a a 

membrane module with UV-light. In the absence of UV-light, the results showed no 

significant removal of 5 ppm and 10 ppm of SMZ during the experiment. Under UV-light, 

the system was able to significantly degrade 5 ppm and 10 ppm of SMZ from the solution, 

particularly, at pH 2. In the presence of humic acid (HA), there was a significant increase 

in the SMZ degradation with all pH values by decreasing the required time to degrade SMZ 

in clean water. When NO3
− or Cl− ions were added, an increase in the degradation rate of 

SMZ was observed in the presence of NO3
− in comparison with clean water, but Cl− led to 

a decrease in the SMZ degradation under UV light. The process could be applied for SMZ 

removal from the water in water treatment plants.  
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Chapter 1: Introduction 

 

 

 

 

1.1. Background  

Water is considered an abundant natural resource either as groundwater, deep and 

shallow, or as surface water, lakes, rivers, oceans, etc. Moreover, water is one of the most 

important and integral aspects of daily life for every human being, such as clothing, food, 

etc. On the other hand, the population around the world is expected to reach approximately 

9.7 billion by 2050 and 11.2 billion by 2100; therefore, the water scarcity will become a 

critical for environmental agencies and governments in the next few decades [1].     

Because of the enormous growth of the human population nowadays, the demands 

for vital resources has been increasing day by day. have been increasing day by day. This 

increasing demand will threaten the availability and quality of water resources by 

discharging a wide range of toxic contaminants into surrounding environments. Among all 

the activities that have attracted the attention of environmental experts is industrialization. 

Most of the industrial wastewater includes toxic and exotic pollutants to the environment, 

such as dyes, pharmaceutical wastes, etc. [2]. As a result, those hazardous contaminants 

will accumulate with time on the sediments in water bodies or stay dissolved. Therefore, 

they will threaten human health by the direct contact between them and human bodies by 

drinking polluted water, swimming, etc.[3]. The World Health Organization (WHO) 

recently announced that one person out of three people around the world does not have 

access to safe drinking water [4], and 10-20 million people were every year estimated to 

die due to waterborne diseases [5]. As a result, the demand for supplying clean water has 
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become an urgent necessity around the world. Thus, strict environmental laws had been 

issued to enforce the industries to achieve the allowable concentrations of pollutants for 

discharging by using efficient treatment technologies [6].     

To achieve this goal, many water and wastewater treatment technologies have been 

used to overcome the levels of the harmful contaminants in wastewater effluent, such as 

antibiotics, heavy metal ions, pesticides, etc. Most of the recent traditional water and 

wastewater technologies need to develop to be economical, effective, and more stable for 

this purpose [7]. Therefore, all the environmental researchers nowadays have been 

modifying or developing some materials and methods to be cost-effective, efficient, and 

reliable to achieve significant results for producing safe drinking water and reusing the 

wastewater.  

One of these techniques is conventional technologies such as bio-reduction, 

chemical precipitation, and sorption, which are widely used to remove the heavy metals 

from groundwater [8]. However, those methods have several drawbacks and 

disadvantages, such as adding reagents requirements, producing high quantities of toxic 

sludge, and achieving low sorption capacity. As a result, Therefore, those disadvantages 

will result in secondary contamination and require unusual conditions, such as anaerobic 

and carbonate-free [9]. On the other hand, physicochemical treatment processes such as 

coagulation and flocculation are considered ineffective in removing the endocrine-

disrupting chemicals (EDCs) and pharmaceutical compounds [10].  

Nowadays, scientists around the world are interested in and adapting the advanced 

nanotechnologies more than the traditional methods because they provide a chance to 

develop and invent economically feasible and environmentally stable treatment 
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technologies. Because of their unique properties such as fast diffusion, high reactivity, high 

specific surface area, and strong sorption, nano-metal oxides (NMOs) such as iron oxide, 

graphene oxide, titanium dioxide, etc. have been recently used to develop novel materials 

for water and wastewater treatment processes such as adsorption materials, membranes, 

nano-catalysts, etc. [11]. 

1.2. Research Objective 

The overall objective of this work is to apply for advances in nanotechnology and 

nanoparticle manipulation to fabricate better porous and high surface area materials for 

water treatment. The research effort is focused on inorganic (metal oxide) nanoparticles to 

create adsorbents, filters, and catalysts. For example, an iron oxide/graphene oxide 

composite material was created with different weight ratios of iron oxide (IO) and graphene 

oxide (GO). Those composites will be used as adsorbents for As(V) removal. 

Subsequently, a novel nano-coating method was used to obtain titanium dioxide 

(TiO2)/polyaniline asymmetric ceramic membranes: the rejection characteristics of the 

membrane's layers were investigated as well as its application as a catalyst for the 

degradation of organic compounds. 

This document includes five chapters; chapter two presents a comprehensive 

literature review about nanotechnology and its uses. Then, a general introduction about 

their types and their recent applications in water and wastewater treatment processes, such 

as adsorption, membrane, and photocatalysis treatment technologies.     

Chapter three describes the synthesis of iron oxide/graphene oxide (IOGO) 

composite materials, using different GO content (5, 10, 15, 20, 25 wt%). The surface area, 

surface charge, surface morphology characteristics of the composite adsorbents were 
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studied to explore their morphological structure and to interpret the adsorption mechanism 

for adsorbing arsenic(V) and removing it from the aqueous solution. In this objective, novel 

hematite nanoparticles will be fabricated through using eco-friendly rout and applied to 

assess for As(V) removal.  

In chapter four, a group of tubular ceramic membranes was coated by multi-layers 

of TiO2/Polyaniline by the sol-gel method. Their permeability was studied by calculating 

the means of permeation experiments at a constant inflow of 33 ml/min and outflow 22.5 

ml/min. Fouling and rejection experiments were also carried out to investigate the 

membrane antifouling by using different molecular weight (20 and 200 kDa) of 

polyethylene glycol (PEG) as a model. This chapter shows a novel method to coat the 

tubular membrane by multiple layers of TiO2 to assess this approach for decreasing the 

fouling and rejection by using different molecular weights of PEG as a feed solution.  

Finally, chapter five presents the development of an advanced oxidation process 

(AOP) coupled with a membrane technology to apply it for sulfamethazine (SMZ) 

degradation. A LED UV strip was used to achieve this task and fixed inside a tubular 

membrane reactor, used in chapter four, on a distance. This research will assess the 

efficiency of the coated tubular membrane by TiO2/PANI for sulfamethazine degradation.    
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Chapter 2: Literature review 

 

 

2.1.Introduction to Nanotechnology 

In ancient times, the history of civilizations have always been named depending on 

the kinds of materials used during the age such as, Bronze Age, Iron Age, Stone Age, etc. 

while the current age is the age of Nanomaterials [12]. The nano-dimensions materials were 

first invented by Nario Tanisguchi in 1974 when he described the instrument with a 

tolerance of less than a micron [13]. Recently, nanotechnology played a key role in 

addressing the fundamental issues of energy, health, and water [14], but the most emphasis 

has been currently placed on the remediation and treatment of water and wastewater [15].   

Nanotechnology has been developed by scientific researchers for providing a way 

to create new structures that work at an atomic level [16]. This technology aims to use 

nanosized particles (1-100 nm) and their unique characteristics in numerous applications, 

such as engineering, medicine, and sciences [17]. Nanotechnologies have shown incredible 

potential due to their unique properties for wastewater remediation [18]. Nanotechnologies 

include wide ranges of nanomaterials such as colloids, films, nanotubes, particles, etc. At 

this scale, the materials show different physical, chemical, and biological characteristics 

comparing with their bulky counterparts [19]. Because of their high ratios of surface area 

to volume, nanomaterials have been used as excellent adsorbents for removal various kinds 

of contaminants. Also, the high ratios of surface area to volume enable catalyzation of the 

surfaces of nanomaterials to degrade, oxidize, and reduce the pollutants. As a result, the 

large surface to volume ratio is considered the most significant feature that makes 
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nanomaterials suitable for applicaton in water and wastewater treatment i.e., adsorption, 

membrane, photocatalysis processes, as shown in figure 2.1. [20]. Thus, nanostructures 

have completely different electrical, magnetic, and optical properties, greater reactivity 

with contaminants faster chemical processes [21]. All these characteristics of 

nanomaterials make nanotechnology attractive in terms of eliminating pollutants and 

contaminants and making it as a proper technology for water and wastewater treatment 

[22]. 

Nanotechnological water and wastewater treatment processes can be classified to 

three major groups (a) pollution prevention (b) sensing and detection (c) treatment and 

remediation [23]. The benefits of using nanotechnology has been observed in 

environmental and industrial area, but this technology might be useful in future by bringing 

helpful innovations to solve specific issues [24]. Therefore, the multiple benefits of large 

infrastructure of nanotechnology have made nanotechnology more reliable for solving the 

emerging issues in the world [20].  

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                      [25].  

 

 

Figure 2. 1. Schematic of nanotechnology used wastewater treatment  
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2.2.Adsorption Process 
 

In both natural aquatic and engineered systems, adsorption plays a critical role in 

transport and fate the contaminants. Also, adsorption is responsible for accumulating the 

contaminants in the silt which settles down in a river delta, in soil, or in the sludge of a 

treatment plant, instead of remaining in the aqueous solution that passes through such 

systems. Adsorption often reduces the high concentrations of dissolved contaminants to 

significant low levels by providing cost effective means [26].  

Adsorption process is known as the ability of substances, either solid or liquid, to 

absorb the ions and the molecules of contaminants, either as gaseous or dissolved, on their 

surfaces. The solid or liquid substances on which adsorption occurs are called “adsorbent”. 

While the ions and molecules of gas or liquid which are adsorbed on the surface of the 

adsorbent are called “adsorbate” [11]. There are two broad classifications of adsorption 

depending on the nature of forces that exists between adsorbate and adsorbent molecules; 

Chemical adsorption (chemisorption) and physical adsorption (physisorption). Chemical 

adsorption: It happens when the attraction forces between the adsorbed molecules and the 

active sites of adsorbents have same strength as chemical bonds. As a result, the desorption 

process will be not easy because of the strong attraction forces [27]. Therefore, 

chemisorption is used primarily to estimate quantitatively the number of active sites that 

contribute in promoting (catalyze) chemical reaction [28].  

Physical adsorption happens when the attraction forces between the adsorbate and 

adsorbent are Vander Waal’s forces or long range of electrostatic interactions. This kind of 

adsorption is usually weak; therefore, its desorption will be easy by changing the ionic 

system, decreasing the pressure, and heating. The adsorption process range depends on 
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factors such as activation of the adsorbents and experimental conditions, such as ionic 

strength of the solution, pressure, temperature, etc. [9]. 

The adsorption process is considered one of the most popular and broadly utilized 

techniques for inorganic and organic contaminants removal from water and wastewater 

[29]. Using adsorption technology has many advantages, such as economically viable, 

simplicity of operation, and neutrality to toxic pollutants and harmful compounds [30][31]. 

Nowadays, the researchers have been trying to discover and develop reliable adsorbents 

that can be extensively applied in the commercialized and industries. Some of these 

adsorbents such as alumina silicates [32], clay [33], zeolites [34], graphene oxide (GO) 

[35], iron oxide (IO), etc. are well known for targeting the heavy metals removal [36]. All 

these adsorbents are porous inorganic or organic materials, and they have a high affinity to 

adsorb the heavy metals on their surface [28][29]. To enhance their performances in the 

adsorbing of heavy metals, NMOs will be functionalized by other promising materials such 

as GO.        

2.2.1. Graphene sheets (GSs)  
 

In the past few years, Graphene oxide (GO) and reduced graphene oxide (rGO), 

oxidized forms of graphene, have risen as one of the popular materials studied because of 

their unique characteristics. Those characteristics are higher adsorption capacity, larger 

surface area, various synthesis methods, abundant oxygen-containing functional groups 

(i.e., carboxyl groups, epoxy groups, and hydroxyl groups), as shown in Figure 2.2, [37]. 

Therefore, those forms have been attracting significant attention from the researchers to 

use them for adsorption applications.  
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GO is defined as one layer of sp2 allotropic carbon atoms, which arrange in a two-

dimensional hexagonal honeycomb lattice structure [38]. GO is known for its highly 

oxygenated monolayer graphite oxide because of the exfoliation and oxidation processes 

of graphene [39]. Therefore, GO and rGO nanoparticles render reactive sites and provide 

a negatively charged surface to graft other functional groups to improve the capacity of 

adsorption and to increase the surface area [40]. However, GO and rGO nanoparticles 

usually tend to agglomerate because of their robust Van der Waals interactions and 

hydrophilic surface, which leads to lower adsorption capacity and reduce surface area [41].  

To overcome this deficiency, many researchers have been investigating some 

nanocomposites by combining GO or rGO with magnetic metal oxides [36], metal-organic 

frameworks [42][43][44], polymers [45]. As a result, GO and rGO will be as excellent 

candidates for loading nanomagnetic particles such as iron oxides nanoparticles. This 

process will combine the high sorption capacity of GO and rGO and the separation 

convenience of magnetic materials [46].  

 

 

 

 

 

 

 

 

 

GO sheets have been extensively used since it was used for the first time in 2004 

as an adsorbent [47] for the removal of antibiotics [48], organic pollutants [49], oil [50], 

Figure 2. 2. Schematic structure of graphene oxide [24]. 
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pesticide [51], pharmaceuticals [52], heavy metals [53], etc. Particularly, GO has gotten 

much attention for heavy metal adsorption due to its proper characteristics mentioned 

previously.  

2.2.2. Nano metals oxides (NMOs) 

NMOs have shown impressive potential as a low-cost, environmentally friendly, 

and sustainable in water and wastewater treatment technology. Moreover, NMOs have 

significant characteristics, such as its easy reusability, high specific surface area, short 

intraparticle diffusion distance, small size of their particles that ranged between 1 to 100 

nm [54], and significant sites for adsorption [55]. Furthermore, NMOs can be reused and 

regenerated easily through changing pH solution. Because of all these characteristics, 

NMOs have been used widely in adsorption technology as adsorbents for contaminates 

removal such as heavy metals from water and wastewater [56]. The mechanism of 

adsorption is mainly carried out by the complexation between molecules of oxygen in metal 

oxide groups and dissolved metals. Therefore, the efficient adsorption of heavy metals on 

the outer surfaces of NMOs is activated along the walls by limiting the rate of diffusion 

[57].  

A wide range of metal oxides such as alumina, iron, titanium, zirconium, etc., have 

enormous potential in water and wastewater treatment as an environmentally friendly, low 

cost, and sustainable technology. As well as having all of these properties, some kinds of 

NMOs (e.g., nanomaghemite and nanomagnetite) are superparamagnetic that are easy to 

be removed and separated from the solution by applying a low magnetic field [25]. 

Therefore, they can be employed as an adsorptive media for filters and slurry reactors [19]. 
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Iron materials, hydroxide and oxide, have been studied and used for many years in 

water and wastewater treatment technologies. Scientific and engineering researchers have 

been interested in using the unique physical and chemical properties of nanoparticles. 

Recently, scientific researches have shown that iron oxide nanoparticles enhance abilities 

to adsorb metals from aqueous solutions in comparison with conventional adsorbents of 

iron oxides [58][9]. Adsorption of (Cd(II), Cu(II), Pb(II), Zn(II)) metal ions and heavy 

metals (As(III) and As(V) onto iron oxide such as hematite was examined as a function of 

adsorbent concentration, exhaustion, pH, and temperature [59]. Hematite nanoparticles 

showed capability to adsorb metal oxide ions with adsorption increasing when the 

concentration of nanoparticles increase.  

Ghosh et al. [60] synthesized Goethite (-FeOOH) nanoparticles by using 

hydrazine sulfate as a modifying agent for removal As(V) from solution. They achieved 

adsorption capacity 76 mg g-1 at pH 3. Park et al. [61] prepared maghemite (-Fe2O3) 

nanoparticles to remediate As(V) from solution, and it achieved adsorption capacity was 

2.9 mg g-1 in the pH range 2-9. Their adsorbent was appropriate for remediating As(V) to 

the recommended concentration by the World Health Organization (WHO). Kalhori et al. 

[62] synthesized superparamagnetic permanently confined micelle array (Mag-PCMAs) 

nanoparticle as adsorbents for removal metronidazole antibiotic at different values of pH 

3-11. The study shows that the adsorption capacity was 84.55 mg g-1.   

2.3.Membrane Process 

In membrane technology, porous materials play an essential role in capturing and 

trapping pollutants. The membranes will allow one component to transport through them 

more than others, depending on the physical and chemical properties of the membrane and 
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the permeate components [63][64]. Recently, the membranes have numerous forms with 

various pore sizes involving microfiltration, nanofiltration, reverse osmosis, and 

ultrafiltration. All these forms depend on their materials which would be clean out through 

each process, as shown in Figure 2.3. [65].   

Nowadays, the membrane technology has been facing many challenges in water 

purification, such as exchange link between permeability and selectivity in addition to low 

resistance to fouling. Therefore, the recent novel researches have been focusing on 

improving flux efficiency and selectivity by developing antifouling layers to overcome 

these challenges [11]. Nanotechnology have offered recently growing new generation of 

membranes for water purification [66].  

 

 

 

 

 

 

 

 

 

 

 

Recently, different manufacturing techniques have been used for membranes 

fabrication such as aerosol deposition, dip coating, film casting, ion exchange, layer-by-

layer deposition, spray coating, surface adsorption, etc. [67]. These techniques depend on 

the membranes’ materials more than the pore size of the membrane itself.  

Figure 2. 3. Schematic of membrane filtration [57]. 
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2.3.1.  Nanocomposite membranes 

Nanocomposite membranes are considered as a new group of filtration materials 

which includes a mixed matrix of nanofillers embedded either by inorganic oxide matrix 

or polymeric. In most cases, nanofillers are characterized by their high ratio of surface area 

to mass and surface-functionalized [68]. Using NMOs such as Al2O3, Fe3O4, SiO2, TiO2, 

ZnO help to develop some of the characteristics of membranes like mechanical and thermal 

stabilities in addition to permeate flux of polymeric membranes. For instance, Ping and 

Guohua [69] designed a compact electro-microfiltration to treat humid acid (HA) by using 

a moditf67fied Ti4O7/Al2O3 tubular membrane. They achieved the removal of 91-96.5% 

HA and 86.7-88.3% TOC.    

2.3.2. Nanofiber membranes  

One of the techniques used to produces fibers is called nanofiber, which used in 

filtration and separation processes. This technique draws very fine special materials such 

as ceramics or polymers by using an electric field [11]. Nanofiber technique has many 

benefits, such as ensuring a high specific surface area to mass ratio. Also, it will increase 

the capacity to be tailored to details like interconnected open pore structure and membrane 

thickness [70]. Suriyaraj et al. [71] synthesized crystalline TiO2 nanoparticles using 

Bacillus licheniformis bacteria modified it by using Al2O3 precursor to fabricate 

TiO2/Al2O3 nanocomposite. This nanocomposite was carried out using electro-spun 

thermoplastic polyurethane (TPU) nanofibers. This study showed the size and diameter of 

the nanocomposite and nanofiber particles were 506 nm and 23933 nm, respectively. 

Moreover, the nanofibrous membrane was tested for fluoride removal from the solution, 

and it achieved an adsorption capacity of 1.9 mg/g. 
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2.4. Photocatalysis 

Photocatalysis, known as advanced oxidation processes (AOPs), is a treatment 

technique that used to degrade organic contaminants in water and wastewater such as 

estrogens, crude oil, dyes, inorganic molecules (NOx), pesticides, etc. by using UV-light 

[72]. The main principles of this method lie in generating highly reactive species such as 

OHº, O2, O3 to degrade the organics into biodegradable compounds and convert them 

finally to CO2 and water. NMOs semiconductors have obtained significant attention by the 

experts in the field of developing wastewater treatment techniques because of the excellent 

properties of their bandgap, which upon irradiation of UV-light produces electron-hole 

(e−/h+) pairs for waste degradation [73]. On the other hand, the size and geometry of NMOs 

semiconductors such as TiO2 and ZnO play an important role in their (e−/h+) dynamics, 

solid-phase transformation, and sorption. For instance, the efficiency of TiO2 will be low 

when the recombination process of e− and h+ is fast; therefore, this recombination can be 

lowered by decreasing the size of TiO2 particles, which leads to improving interfacial 

charge carrier transfer [74]. Figure 2.4 shows the oxidative, and reductive reactions 

occurred on the surface of TiO2.  

 

 

 

 

 

 

 

 

 Figure 2. 4. Pollutant degradation after irradiation TiO2 particle by UV-light. 



 15 

TiO2 is widely used as a photocatalyst because of its significant properties, such as 

cost efficiency, high availability, and low toxicity. Recently, many researchers around the 

world have been investigating the combination between the catalytic and separation 

processes through using the ceramic membrane filtration and photocatalysis together to 

purify the water with keeping the particles of catalytic [75]. Most of the nanofiltration 

processes that use highly efficient nanoparticles must be applied to a proper filtration 

system to reject the harmful nanoparticles completely. Therefore, it is necessary to use 

extensive and costly installation technologies, including high-pressure pumps [11].  

 

2.4.1. Titanium dioxide (TiO2) nanoparticles photocatalyst for advanced oxidation 

technology: 

Titanium dioxide (TiO2) nanoparticles have been studied enormously because of 

their unique characteristics, such as high specific surface area, abundant, non-toxicity, wide 

bandgap semiconductors, and high chemical and thermal stability [76]. Therefore, 

Titanium dioxide has broad applications with different fields, such as environmental 

cleaning, and photocatalysis. To apply the photocatalysts for water treatment, the following 

needs to be achieved; the process has to be fulfilled at room temperature, mineralization 

has to be completed without producing by products, low costs for operations and repetitious 

cycles. Titanium dioxide (TiO2) photocatalysis is considered as a photo-induced charge 

separation phenomenon which happens on the surface of TiO2. Also, TiO2 has a high 

reactive oxygen species which can cause organic mineralization without producing by 

products. The decomposition reaction, mostly oxidative reaction, depends on the 

photocatalyst’s valence band to degrade the contaminants in the water. Thus, the oxidative 

reaction will improve when the photocatalyst’s valence band holes has higher oxidative 
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power. Figure 2.5 shows how pollutants will be removed by the photo-induced charge 

(e/h+) by semiconductor TiO2 particles surface [77]. 

When the surface of TiO2 catalysts are irradiated by UV light Equation 2.1., the 

conductive band will take part in the reduction processes by the photo-induced electrons 

that will usually react with dissolved oxygen to generate superoxide radical anions O2¯. 

On the other hand, the photo-induced holes will diffuse on the surface of TiO2 in the 

valence band, and they will form OH• which reacts with molecules of adsorbed water. 

Specifically, the OH• is a major active specie in the photocatalytic oxidation reactions [78].  

 

 

 

 

 

 

 

 

 

 

Figure 2. 5 Removal pollutants by TiO2 particle surfaces [77]. 

 

 

The formation mechanism of the electron–hole pair are shown below: 

TiO2 + hv → e- + h+                                                                        (2.1) 

e-
CB  → e-

TR                                                                                                                                 (2.2) 

h+
CB → h+

TR                                                          (2.3) 

e-
TR + h+

TR → e-
CB + heat                                                        (2.4) 
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(O2)adsorbed + e- → O2
•¯                                                                             (2.5) 

OH- + h+ → OH•                                                                                      (2.6) 

R-H + OH• → R+• → Intermediate(s)/final degradation products           (2.7) 

O2
•¯ + OH• → HOO•                                                                                 (2.8) 

HOO• + e- → HO2
-                                                                                   (2.9) 

HO2
- + H+ → H2O2                                                                                  (2.10) 

Where:  

e-
TR : the surface trapped VB electron.  

h+
TR : the surface trapped CB hole.  

 

2.5. Arsenic (As); characteristics and occurrences in aqueous solutions  

Arsenic (As), often referred to as the king of poisons [79], is a common trace 

element in the earth’s crust and widely spread in all the environments. Elemental Arsenic 

is metallic gray or yellow in color, not soluble in water, and very brittle, and arsenic 

structure is a semi-metallic crystalline. Arsenic oxidizes on heating to arsenous oxide, and 

its smell in air as a garlic [80]. Arsenic physical properties are illustrated in Table 2.1.   

 

Table 2.1. Physical properties of arsenic [81].  

Atomic symbol As 

Classification Metalloid 

Color Gray 

Crystal structure Rhombohedral 

Density @ 293 K 5.72 g/cm3 

Atomic mass 74.9216 

Atomic number 33 

Electronic configuration [As]4s23d104p3 

Oxidation states 5, 3, 0, -3 

Atomic radius 125 pm 

Melting point ~817°C 

Boiling point 603°C (sublimation) 
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There are many applications that arsenic is used in such as bronzing, making 

agricultural insecticides and pesticides, etc. [82]. Arsenic has two forms; organic and 

inorganic. Organic arsenic compounds includes many forms such as arseno-sugars, 

dimethyl arsenic acid (DMAA), and monomethyl arsenic acid (MMAA). On the other 

hand, inorganic form, known as high toxicity, exists in four main oxidation states, and the 

most common are As(III) and As(V). 

The oxidation states of arsenic in the hydrosphere depend on different 

environmental factors such as pH conditions, ionic distribution states, reduction-oxidation 

reactions, general hydrochemistry, microbial activity [83]. On the other hand, the 

concentration of arsenic species depends mainly on pH and redox potential (Eh) [82]. The 

distribution of arsenic species as a function of pH and redox potential (Eh) are depicted in 

Figures 2.6 and 2.7, respectively [84].  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Eh-pH diagram for aqueous As speciesin the system As-O2-H2O at 25°C and 1bar total pressure [85]. 
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Arsenite As(III) is a dominant form under reducing conditions, as shown in Figures 

2.6 and 2.7. while arsenate As(V) is generally more stable form thermodynamically in well 

oxygenated environments. Arsenate (H2AsO4
-) is the major species at pKa equal to 6.9, 

and HAsO4
2- is dominant species at higher pH. However, these species of As will appear 

when the values of pH range between 6 to 8. When pH is equal to 9.3 the species of As(III) 

will be the dominant as an arsenious acid (H3AsO3).   

 

 

 

 

 

 

 

 

Figure 2.7. Distribution of arsenate and arsenite as a function of pH [81]. 

 

Every day, a lot of people around the world such as Bangladesh, Ghana, India, 

USA, etc., have been drinking contaminated water by arsenic; therefore, they are exposed 

to it [86]. As a result, it is important to study the occurrence, toxicity, and mobility of 

arsenic to develop and improve the treatment technologies for arsenic removal from 

drinking water and wastewater. There are more than 320 minerals containing arsenic in 

their structures such as arsenopyrite (FeAsS), orpiment (As2S3), realgar (As2S2), etc. [87]. 

Some of these minerals can be found in nature as sedimentary or volcanic rocks 

because of adsorbing As by Fe(III) and Mn(IV) after weathering sulfide minerals [88]. 

These minerals are also produced by discharging the effluents of some industrial activities 
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such as agricultural chemicals, pharmaceuticals, applications in mining, etc. [89]. In the 

United States, some of the states are depending on the groundwater as a source for drinking 

water, so those states have been suffering from the high As concentrations (50 μg/L) [90]. 

Some environmental and health agencies, such as United States Environment Protection 

Agency (EPA) and World Health Organization (WHO), established a standard for the 

allowable recommended 10μg/L as a maximum As concentration allowable in drinking 

water. Therefore, the world have adapted this standard to protect the consumers from the 

chronic exposure to As in drinking water for the long-term [91].  

 

2.6.Sulfamethazine (SMZ) 

To protect animals’ health prophylactically and treat their diseases, veterinary 

antibiotics (VPs) have been universally. For instance, in the united states alone there are 

around 7.5-8.6 billion chickens, 104-110 million cattle, 275-292 million turkeys, and 60-

92 million swine which are fed with food containing varieties of veterinary 

pharmaceuticals [92]. Sulfamethazine (SMZ), as a typical sulfonamide-class antibiotic, is 

a one kind of antibiotics that are known as Pharmaceutical and Personal Care Products 

(PPCPs), shown in Figure 2.8. SMZ is used in human and veterinary drugs as antibacterial 

medicines and growth promoters [93]. 

 

 

 

 

 

Figure 2.8. Chemical structure of sulfamethazine [93]. 
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SMZ enters in the aqueous environment by some predominant pathways. SMZ 

exists in three different forms: cationic, neutral, and anionic, depending on pH values, as 

shown in Figure 2.9 and Table 2.2.  

 

 

 

 

 

 

 

 

Fig. 2. 9 Distribution of cationic (SMZ+), neutral and zwitterionic (SMZ0), and anionic (SMZ−) species in aqueous 

solution as a function of pH [93]. 

Table 2. 2 Physicochemical characteristics of SMZ [93]. 

Molecular Formula: C12H14N4O2S 

Molecular weight (MW) 278.33 

Log Kow 0.89 

Solubility  1500 mg/L 

pKa1 2.65 ± 0.2 

pKa2 7.42 ± 0.2 

 

Those form are adsorbed by the bodies of animals by food that is excreted from 

organism with the feces or urine. In many countries, those antibiotics are widely applied   

to economic values, harmless property, and the land for toxic-free, and they could be 

abundantly discharged from animals bodies as a waste [94]. Moreover, antibiotics have 

few pathways for entering human body, including dairy and meat products derived from 

dairy cattle and beef lactating being feed with food containing antibiotics.  

As a result, SMZ has received a great concern by environmental scientists because 

of its potential effects on the normal ecosystems functionalities [95]. Because of its ability 



 22 

to treat a wide range of bacteria and its low cost, SMZ is commonly used to treat infections 

by microbes [96]. On the other hand, SMZ can form antibiotic resistance bacteria at low 

concentration ( 1ppm) [97] which make the conventional biological treatment processes 

unable to remove it effectively because of their toxic nature and persistence [98]. 

Therefore, develop alternative treatment processes became necessary to deal with and 

degrade these bio-recalcitrant contaminants effectively.  

Therefore, SMZ has become a global contaminant because it is difficult removed 

effectively by conventional water and wastewater treatment processes. There are many 

technologies used to remove SMZ such as adsorption [99], membrane filtration [100], and 

advanced oxidation processes [101].  
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Chapter 3: Synthesis of Iron Oxide/Graphene Oxide 

Composite Materials as Adsorbents for As(V) Removal. 

 

 

3.1. Introduction 

Arsenic, with two inorganic forms; arsenite As(III) and arsenate As(V), exhibits 

both acute and carcinogenic toxicity. It can be found in nature as part of geological 

formations and volcanic deposits, etc. or due to anthropogenic activities such the 

application of herbicides and pesticides in agriculture, or industry, such as electronic 

components, pharmaceuticals, pigments, landfills, and mining wastes [102][103]. Because 

of its high toxicity and analytical and removal difficulties [104], both the US 

Environmental Protection Agency (EPA) and European Union adopted 0.010 mg/L as 

maximum the allowable concentration of As in drinking water, in agreement with World 

Health Organization (WHO) guidelines. WHO defined this concentration as analytical 

achievability and treatment performance [105].  

Nowadays, many technologies such as biological remediation, 

coagulation/filtration, ion exchange, adsorption, membrane, and reverse osmosis have been 

used to eliminate arsenic from water and wastewater [106][107]. Among those 

technologies, adsorption is generally considered the most efficient and economical option, 

especially at low concentrations [3][4]. A wide range of adsorbents are available for arsenic 

removal: for example, activated carbon, metal oxides, and natural minerals [104]. Recently, 

graphene oxide (GO) has received significant attention for adsorption processes because 

of relevant properties such as a high surface area to mass ratio, good dispersion in water, 

and abundant surface functional groups [110]. On the other hand, GO sheets suffer from 
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some challenges respecting with its application in water treatment. For instance, 

interactions among adjacent sheets of GO may lead to agglomeration and loss the 

promising high surface area, so the expected adsorption capacity will be limited [111]. 

Moreover, GO sheets need extra steps for separation them from the water after treatment 

processes. To achieve those goals, GO sheets have been recently used to fabricate various 

kinds of composite materials that would facilitate dispersion and stability [9][10]. One of 

the materials that is loaded to GO is iron oxide which have been used in water treatment 

by taking advantage of their magnetic property to assist in the separation processes between 

the treated water and adsorbents. Iron with its varied forms; oxides, oxyhydroxides, and 

hydroxides [3][9], has been extensively studied because of its attractive capacity 

performance for arsenic adsorption, large abundance, low toxicity, and low cost [7][10]. 

Therefore, this work proposed fabricating iron/GO composites to be used as arsenic 

adsorbents from the solution. The composites were fabricated at different iron oxide (IO) 

to GO weight ratios. Subsequently, their compositional, structural, and textural properties 

were characterized. Finally, the ability of all composites to adsorb As(V) from the solution 

was investigated.   

3.2. Methods and Materials  

3.2.1. Materials 

All the reagents used were of analytical grade. Graphite nanoplatelet (5um, xGnP 

graphite nanoplatelet XG Sciences), sodium nitrate NaNO3 (Sigma-Aldrich, St. Louis, MO, 

USA), sulfuric acid H2SO4 98% (w/w) (Fisher Scientific, Pittsburgh, PA, USA), hydrogen 

peroxide 30% (w/w) in H2O (Fisher Scientific, Pittsburgh, PA, USA), potassium 

permanganate KMnO4 (Flinn Scientific, Batavia, IL, USA), sodium hydroxide pellets 99%, 
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(ACROS Organics, Flinn Scientific, Batavia, IL, USA), sodium arsenate ≥98% (Sigma-

Aldrich, St. Louis, MO, USA) were purchased and used as received without any additional 

purification. Ultrapure water was used in all experiments from Type I (18MΩ*cm) and 

obtained from a Barnstead E-pure ultrapure Water Purification System (Thermo Scientific, 

Waltham, MA, USA).  

3.2.2. Lepidocrocite synthesis 

Lepidocrocite was synthesized from industrial grade FeCl2 (28- 32% w/w; PPE 

Argentina S.A., Buenos Aires, Argentina). Briefly, lepidocrocite γ-FeO(OH) was prepared 

by oxidizing FeCl2 under controlled pH (6.7-6.8) [116]. A 0.2 M solution of iron (II) 

chloride tetrahydrate (FeCl2 • 4H2O) was prepared in ultrapure water. During this reaction, 

a diffuser was installed to provide air for the reaction. The pH was monitored and controlled 

by adding 1 M solution of NaOH as needed to maintain the pH value between 6.7 and 6.8. 

Agitation and aeration were kept for 3 hours, leading to an orange precipitate. Later, the 

suspension was centrifuged at 3,500 rpm for 8 minutes, and the supernatant was discarded. 

This step was repeated three times to remove the remaining NaCl. Finally, the produced 

precipitate was dried in a crystallization dish at 50°C [9,10]. 

3.2.3. Graphene Oxide (GO) Synthesis  

Graphene oxide was synthesized by a modified Hummer’s method from graphite 

nanoplatelets [118]. In brief, 1 g of graphite and 1 g of NaNO3 were mixed in an ice-bath 

followed by the addition of 46 ml of 98% (w/w) H2SO4. Then, 6 g of KMnO4 was carefully 

added to the mixture. After stirring for 1 h at 35 ºC, 80 mL of ultrapure water (18mΩ*cm) 

was added, and the temperature increased to 90 ºC for 30 min. Then, 200 ml of ultrapure 
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water and 6 ml of 30% (w/w) H2O2 were added to the reaction and stirred for 10 minutes 

to eliminate the excess of KMnO4. Then, the product was washed several times by 

centrifuged at 3,500 rpm (Eppendorf Centrifuge, model 5810 R, Hamburg, Germany) for 

8 minutes. The supernatant was discarded, and the centrifuge tube was filled with ultrapure 

water in each cycle until the pH of liquid equal to 5.  

3.2.4. Composite Material Production 

Five different composite materials with a content of 5, 10, 15, 20, and 25% w/w of 

GO were fabricated by a co-precipitation method. The materials were designated IOGOx, 

where x is the % weight of GO added in the precipitation step. The general procedure for 

composite material fabrication is illustrated in Figure 3.1. For example, to prepare IOGO5, 

237.5 mg of lepidocrocite and 12.5 mg of graphene oxide were weighted. Then, they were 

suspended separately in ultrapure water using ultrasonication (Branson 2510 Sonicator, 42 

kHz, Danbury, CT, USA) for 1 hr.  

Both solutions were adjusted their pH to be equal to 4 by adding 1M solutions of 

NaOH or H2SO4 and leaving for 6 hours to aggregate and settle together with checking the 

solution pH. The sludge produced was dried in an oven at 80 °C and then sintered in a 

furnace (Vulcan 3-550, Neytech, USA) with the following program: 1) the temperature 

was raised to 100 °C at a constant rate of 1°C/min and held for 2 hours. 2) the temperature 

was raised to 280 °C at a constant rate of 1°C/min and held for 3 hours. 3) finally, the 

temperature was raised to 410 °C at a constant rate of 1°C/min and held for 4 hours. 

IOGO10, IOGO15, IOGO20, and IOGO25 were fabricated, following the same procedure, 

but a different starting mass of each component.  
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3.2.5. Characterization of IOGOx nanocomposites  

The crystalline structure of lepidocrocite, GO, and all composites were 

characterized by X-ray powder diffraction (XRD) using a Rigaku Ultima IV X-ray 

diffractometer (Japan) using Cu Kα radiation (tension = 40 kV, current = 20 mA). Scanning 

Electron Microscopy (SEM) (Quanta 650 FEG—FEI, USA) was used to investigate the 

surface morphology of the fabricated composites before and after sintering, and their 

elemental composition. Zeta potential was measured by a Zetasizer Nano ZS (ZEN3600-

Malvern, UK). Specific surface area and total pore volume were measured by the 

Braunauer-Emmett-Teller (BET) method, using nitrogen adsorption at 77K (Coulter 

SA3100-Beckman Coulter, USA). Thermogravimetric analysis (TGA) was conducted in a 

Q500-TA instrument in an air atmosphere. 

3.2.6. Arsenic Adsorption 

Batch adsorption experiments were carried out to study the adsorption process of 

IOGO5, IOGO10, IOGO15, IOGO20, IOGO25, and hematite (IO) as control. A 10 ppm 

As(V) stock solution, 1mM ionic strength (NaNO3) and pH 7, was used to prepare working 

solutions of variable As(V) concentrations between 0.5 ppm and 10 ppm. Then, 50 ml of 

Figure 3. 1 Schematic of the synthesis process of IOGO composites. 
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each solution was poured into a 125 mL flask, and 20 mg of each adsorbent was added. 

The flasks were sealed and shaken at 200 rev/min at room temperature (23 °C) for 48 hours. 

Then, samples were taken from the solutions in each flask and filtered with a syringe filter 

(0.22 µm PES, Bonna-Agela Tech. Inc., CA, USA) to separate the suspended adsorbent. 

After that, residual concentrations of As(V) were measured by Atomic Absorption 

Spectroscopy (BUCK Scientific, Model 210 VGP, with graphite furnace, at wavelength 

193.7 nm, Lamp current 7 mA, slit width 0.7 nm, detection limits 200 ppb). All samples 

were measured three times. Finally, the amount of As(V) adsorbed to the solid q (mg/g) 

was calculated by Equation 3.1:   

 

qt  = (C0 – Ct)*V/W                                        (3.1) 

 

where C0 and Ct are the concentrations of As(V) at time 0 and t, respectively. 

Whereas, w is the weight of added adsorbent, and V is the solution volume.  

The adsorption isotherms were fitted using two models; Langmuir and Freundlich 

isotherm models. The Langmuir model is presented in Equation 3.2. 

 

                        qe = (a*b*Ce)/(1 + b*Ce)                                (3.2) 

                                                                                                                                                                     

where qe is the amount of As(V) adsorbed per unit weight of adsorbent, a is the 

maximum adsorption capacity, b is a constant, and Ce is the equilibrium liquid 

concentration of As(V). The Freundlich isotherm model is represented in Equation 3.3 

[119].  

             qe = K(Ce)
1/n                                                   (3.3) 

 

where K is the Freundlich constant, and 1/n is the adsorption intensity.  
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The adsorption kinetic of IO as a control sample, IOGO5, IOGO10, IOGO15, 

IOGO20, and IOGO25, was investigated by following a similar approach used with 

isotherm experiments. The initial As(V) concentration was 0.5 ppm, and the samples were 

taken at time 0, 5, 10, 20, 40, and 60 min, filtered and analyzed.  

Two models were used to fit the kinetic adsorption data of As(V): pseudo first-

order and pseudo second-order reactions, shown in Equations (3.4) and (3.5).  

 

             Ln(qe – qt) = Ln(qe) – (k1 * t)                         (3.4)  

             (t/qt) = (k2 * qe
2)-1 + (t/qe)                               (3.5) 

                                                                                                 

where qe and qt are the solid concentration at equilibrium and time t, respectively, 

k1 is the first-order rate constant, and k2 is the second-order rate constant.  

 

3.3.Results and discussion  

3.3.1. Characterization of iron oxide (IO), graphene oxide (GO), and IOGO(x) 

composite materials. 

3.3.1.1.Zeta potential   

Lepidocrocite and GO zeta potential was investigated in a pH range from 2.2 to 9.8. 

The zeta potential values of both materials provide an indicator for the nature of surface 

charge existing on the surface of both particles. At pH 4, lepidocrocite and graphene oxide 

had zeta potential values with a similar magnitude but opposite signs, which suggests 

attractive electrostatic forces may induce the formation of homogeneously mixed 

composite materials.The zeta potential of lepidocrocite varied between 46.7 mV at pH 4.5 
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to -22.3 mV at pH 9.1, as shown in Figure 3.2, and its point of zero charge (PZC) was 

determined to be 8.5.  

 

 

 

 

 

 

 

 

 

 

 

The values of GO zeta potential were between -22.4 mV at pH 2.2 and -54.1 mV at 

pH 9.3. All the values of GO zeta potential sheets recorded were negative, indicating the 

presence of deprotonated surface groups, mostly hydroxyl and carboxyl groups, at the pH 

range studied [120]. In summary, lepidocrocite particles showed strongly positive charged 

at pH below 8.5, while the graphene oxide nanoparticles maintained its negative surface 

charge at all the measured values of pH.  

Electrostatic attraction plays a major role in the heteroaggregation of the two 

particles. Lepidocrocite and graphene oxide showed negatively charged at pH > 9; 

therefore, no aggregation was expected under this condition due to the electrostatic 

repulsive forces.  At pH 4, both materials showed an opposite surface charge which is a 

Figure 3. 2 Zeta potentials of lepidocrocite and GO before sintering and IO and IOGOx composites after 

sintering, suspended in ultrapure water at different values of pH. 
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good condition for the mixture of lepidocrocite and GO to produce the new composites. 

Those differences in the values of zeta potential lead to an increase in the electrostatic 

attraction between them.  

With increasing the weight ratios of GO, the zeta potential of all composite 

materials showed decreasing in their values and became close gradually to the values of 

GO zeta potential. Those results reveal that weight ratios of GO added to lepidocrocite has 

a significant effect through observing the continuous changes in the surface charges of all 

composites progressively. In this context, the zeta potential values of all sintered 

composites decreased with continuous increase of GO weight ratios leading to shift the 

PZC of IOGO5-25 to be (6.9, 6.5, 6.2, 5.6, 4.8), respectively. All their surface charges are 

positive at pH < PZC. As(V) is present under most of the pH conditions as a negative ionic 

form (H2AsO4
- at pH 2.2-6.5, and HAsO4

-2 at 6.5-11.5) [85]. The strong adsorption between 

IOGOx and As(V) species will be at pH lower than PZC because of the electrostatic 

interactions that happened between negatively charged As(V) species and positively 

charged IOGOx. On the other hand, when the pH of the solution is greater than PZC of 

IOGOx, the surface charge of all composites will be negatively charged, which leads to an 

increase in the repulsion between IOGOx and As(V). As a result, the adsorption capacity 

will decrease continuously for As(V).   

PZC of all sintered composites showed decreasing values with decreasing IO 

content, as presented in Figure 3.3. The obtained results revealed that the different weight 

ratios of GO added to lepidocrocite have a significant effect on shifting PZC’s values of 

the composites to be more acidic pHs because of the contribution of the negative charges 

of surface functional groups. 
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Figure 3. 3 Point of zero charges of hematite and IOGOx composites. 

 

3.3.1.2.X-ray diffraction (XRD)  

The crystallinity and composition of the IOGOx before and after sintering were 

studied by XRD. The X-ray diffraction patterns are presented in Figure 3.4 (a and b). All 

diffractograms before sintering showed peaks attributable to lepidocrocite and to GO. A 

strong peak of GO appeared at 2ϴ=11 as a result of the interlayer spacing among the 

sheets of graphene oxide that contains functional groups on both sides [120]. This peak 

was not present in the IOGOx diffractograms, which suggests that the lepidocrocite 

produced the complete exfoliation of graphene sheets and promoted the stability of 

individual sheets [113]. Also, a weak peak was observed at 43 due to the graphite powder 

[24,25]. On the other hand, peaks associated with lepidocrocite were observed at 2ϴ=14, 

27, 36, and 47, in agreement with the previous published results [117]. After sintering 

at 410 C, the peak of GO shifted from 2ϴ=12 to 2ϴ=23 and 42 due to reducing the 

oxygen functional groups [123]. 
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Figure 3. 4 XRD-diagrams for the studied adsorbents (a) before and (b) after sintering. 

 

Many distributed peaks appeared at 2ϴ=24.2, 33.2, 35.7, 40.8, 49.2, 54.1, 

62.6, and 64.2 which all belong to hematite. Those peaks confirm that lepidocrocite was 

converted to hematite due to the thermal conversion process at 410 C [124].    

3.3.1.3.Scanning Electron Microscopy (SEM) images  

 

SEM images of IOGOx composites before and after sintering are shown in Figure 

3.5. The SEM images of all composites before sintering showed irregular surface 

morphology with several wrinkles on their surfaces [125]. On the other hand, the SEM 

images of IOGOx show that iron oxide was covered the GO sheets completely and 

b a 
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irregularly. While after the thermal treatment, the SEM images of IOGOx surfaces confirm 

that the GO sheets were reduced, and the iron oxide particles grew on their surfaces 

uniformly. Therefore, it is expected that the number of active sites to adsorb As(V) 

increased.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 5 SEM images for: (a)IOGO5; (c)IOGO10; (e)IOGO15; (g)IOGO20; (i)IOGO25 before sintering, 

and (b)IOGO5; (d)IOGO10; (f)IOGO15; (h)IOGO20; (j)IOGO25 after sintering. 
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3.3.1.4.Surface area 

The specific surface area of the IO, GO, and IOGOx composites before and after 

sintering were measured. The GO added to the iron oxide led to an increase in the surface 

area values of all composites before sintering concerning the control sample, lepidocrocite, 

as mentioned in Table 3.1. A probable reason for this increase is that the GO sheets 

attracted the lepidocrocite particles to settle down on their surface. As a result, iron oxide 

particles will distribute uniformly on the GO surface. However, the surface area of 

composites showed a slight decrease with increasing the weight ratio of GO. This decrease 

may be interpreted that the single sheets of GO may form in the form of stacks, which 

reduces the total available area to interact with the iron oxide.   

 

Table 3. 1 The surface area of graphene oxide, hematite, lepidocrocite, and IOGOx composites before and after 

sintering. 

 

After sintering, the IO surface area showed decreasing in its value because of the 

densification caused by the thermal treatment [117][126]. The surface area of IOGOx after 

sintering at 410 ºC additionally decreased because of the reduction of GO by iron oxide 

particles, which enhanced the contact between the surface of GO with air for combustion 

[104].  

 

 

 

 
Lepidocrocite 

(m2/g) 

Hematite 

(m2/g) 

Graphene 

oxide 

(m2/g) 

IOGOx Composites (m2/g) 

5% 10% 15% 20% 25% 

Before 

sintering 
77.8±0.7 --- 135.2±0.8 96.9±0.5 95.1±0.4 94.5±0.4 90.3±0.3 87.2±0.5 

After 

sintering 
--- 30.4±0.4 --- 72.9±0.3 71.1±0.2 67.1±0.1 65.3±0.1 61.9±0.2 
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Figure 3. 6 The relationship between percentage of total pores and pore size for: (a)IOGO5; (b)IOGO10; (c)IOGO15; 

(e)IOGO20; (d)IOGO25 composites. 

 

The relationship between the percentage of pore volume and the pore size is 

depicted in Figure 3.6. The results showed that the sintering process led to a slight increase 

in the percentage of mesopore volume (pores  50 nm) in all composites resulting from 

aggregation/packing of the crystalline of hematite nanoparticles [104]. Figure 3.7 shows 

clearly that the surface area and the total pore volume of composite materials decreased 
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together after sintering because of burning GO that led to blocking the pores in composite 

materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 7 Surface area and total pore volume of fabricated composites after sintering, as a function of graphene 

content. 

 

3.3.1.5.TGA   

The TGA curves for lepidocrocite, GO, and IOGOx samples are shown in Figure 

3.8. The mass loss for the GO particles happened in two stages: first, the loss of 40% of 

GO mass occurred between 25 and 230 °C, due to the evaporation of adsorbed water on 

the surface and some labile oxygen functional groups [127]. Second, 55% of the remaining 

mass was lost between 230 and 550 °C, as a result of the combustion of GO framework 

and the decomposition of more stable oxygen functionalities [18,19]. After 550 °C, the 

mass loss of GO became negligible.  

The TGA curve of iron oxide shows three stages of mass loss; first, lepidocrocite 

lost 2.5% of its weight within 25 °C to 100 °C corresponding to the adsorbed water 

molecules on its surface. In the second stage, between 200 °C and 275 °C, the iron oxide 

lost 7% of its weight, which belongs to the evaporation of molecules of water in the 

Graphene content 
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structure of lepidocrocite, and conversion from hydroxide to oxide [109]. During this step, 

the lepidocrocite was transformed into maghemite (γ-Fe2O3). Finally, the weight loss in the 

third stage, between 300 °C and 800 °C, was negligible, and the maghemite was 

transformed to hematite (α-Fe2O3) in this step [130].  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8 TGA curves Lepidocrocite, IOGOx, and GO in the air atmosphere. 

 

Three steps can be observed for weight loss of the composite materials. The first 

occurred within 25 °C and 100 °C because of evaporating the adsorbed water molecules. 

The second step happened between 200 °C and 280 °C because of decomposition of oxygen 

that exists in functional groups of graphene. The last weight loss occurs between 300 °C 

and 380 °C, and it may be related to the decomposition of the carbon skeleton of the 

composite materials [21][22]. With increasing content of iron oxide, the temperature of 

weight loss gradually decreased from 380 °C with IOGO25 to 350 °C with IOGO20 to 320 

°C with IOGO15 to 270 °C IOGO10, and to 250 °C IOGO5. Those results could be 

interpreted that the existence of iron oxide particles on the surface of GO acts as a catalyst 
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for the carbon combustion since their exothermic oxidation takes place at lower 

temperatures [133].   

3.4. Arsenic Adsorption on IOGO(x) 

3.4.1. Adsorption isotherms  

The performance of hematite and IOGOx as adsorbent of As(V) was systematically 

examined in batch reactors at room temperature (23 ºC). The initial concentrations of As(V) 

in the adsorption experiments of hematite and IOGOx were varied, and the mass of 

adsorbent added was kept constant at 0.2 grams. The experimental conditions tested are 

summarized in Table 3.2.  

 

Table 3. 2 The initial concentrations of As(V) in adsorption isotherm experiments. 

 

 

 

 

 

 

All experiments were conducted at pH 7. For each composite material, experiments 

were conducted with increasing initial concentrations of As(V) until no changes in the final 

(equilibrium) solid concentration (qe) between two experiments was observed, i.e., the 

solid reached saturation.  

The results showed that hematite had the lowest adsorption capacity of the materials 

tested, with a qmax of 12.6 mg g-1. At the same time, IOGO25 recorded the highest 

adsorption capacity, at 40.3 mg g-1, as shown in Figure 8. Isotherm curves of hematite, 

IOGO5, and IOGO10 reached a plateau sooner, i.e., at lower initial As(V) concentrations 

Adsorbents Initial As(V) concentrations (ppm) 

Hematite 

IOGO5 

IOGO10 

0.5, 1, 2, 3, 5, 6, 8, 10 

IOGO15 0.5, 1, 2, 3, 5, 6, 8, 10, 15   

     

IOGO20 0.5, 1, 2, 3, 5, 6, 8, 10, 15, 20, 25 

  IOGO25 
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than other adsorbents, as shown in Figure 3.9.  Therefore, experiments with a higher initial 

concentration of As(V) were conducted with the remaining adsorbents to investigate their 

saturation. The results showed adsorption capacity of IOGO15, IOGO20, and IOGO25 

were 21.11 mg g-1, 38.4 mg g-1, and 40.3 mg g-1, respectively, and they reached an apparent 

plateau. Table 3.3. presents a comparison among As(V) adsorption capacities with some 

studied that used various adsorbents as nanoparticles or composite materials by using IO, 

GO, rGO.   

The addition of GO to the iron oxide led to gradual improvements in the As(V) 

adsorption capacity of the composite material, as shown in Figure 3.9. This increment 

could be interpreted as an enhancing effect of the GO sheets, which led to a uniform 

distribution of iron oxide particles on their surface and therefore develop and enhanced 

accessibility to the adsorption sites. 

 

Table 3. 3 Comparison of maximum As(V) adsorption capacity. 

Adsorbent 

Surface 

area (m2 

g-1) 

Adsorbents weight 

(mg)/ volume of 

solution (ml) 

Initial 

As(V) 

(ppm) 

qmax (mg g-1) 

for As(V) 
Ref. 

-Fe2O3–Fe3O4–

GO composite 

 

70.2 9/50 1-30 54.18 [134] 

Iron-doped 

activated micro/ 

nanocarbon 

particles 

 

231 100/20 0.5-20 5 [135] 

-Fe2O3 

nanoparticles 

 

162 80/100 100 47 [136] 

-Fe2O3 

nanoparticles 

 

168.73 0.005,7,10,20 0.095 95.37 [137] 

-Fe2O3–GO 

composite 
341 0.1-1 350-1200 113 [104] 

 

 

 

     

This is further facilitated by the increase in the ratio of mesoporosity to 

microporosity after sintering, which means As(V) ions will reach the active sites faster. 
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This study showed the efficacy of the adsorption treatment because hematite and all 

composites were able to reduce the concentration of As(V) from 0.5 mg/L to below 10 

µg/L which is the recommended maximum permissible concentration of arsenic in drinking 

water by World Health Organization (WHO) [105].  

Langmuir and Freundlich adsorption isotherm models were applied to interpret the 

experimental isotherm data. Table 3.4 shows the calculated parameters and correlation 

coefficients (R2) for the two isotherm models. Although both models presented acceptable 

R2 values, the results showed that Langmuir isotherm model was overall a better fit with 

isotherm data of hematite and IOGO5, IOGO10, IOGO15, IOGO20, IOGO25, and their 

correlation coefficients (R2) were above 0.9, which means the adsorption of As(V) on these 

materials can be well described by the Langmuir expression [24].  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 9 As(V) adsorption isotherms at pH 7 and IS (1mM) of the hematite control sample and IOGO(x) 

composites. 
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Table 3. 4 Summary of model parameters and correlation coefficients for Langmuir and Freundlich isotherms removal 

of As(v) by hematite and IOGOx. 

 

 

 

 

 

 

 

Table 3.5 shows the adsorption capacity normalized by the surface area of hematite 

and the composite adsorbents. As(V) adsorption capacity of all composites increased with 

GO wt %, which suggests an enhancement of the surface area utilization, as the presence 

of the graphene sheets may facilitate the access to the active sites of the iron oxide particles. 

 

Table 3. 5 Adsorption capacity normalized by specific surface area. 

 

3.4.2. Adsorption kinetics of As(V) on the composite materials 

The adsorption kinetic curves of hematite and IOGOx adsorbents at the initial 

As(V) concentration of 0.5 ppm are shown in Figure 3.10a-f. The adsorption process can 

be divided into two distinct stages depending on the values of As(V) uptake rate. The first 

stage showed that a fast adsorption rate on hematite 1.9 mg As(V)/L.hr and IOGO5 2.3 mg 

As(V)/L.hr, respectively, happened within the first 10 minutes of adsorption kinetic 

experiment. The second stage started at 10 mins until 40 min., and the uptake rates of As(V) 

Adsorbents 

Langmuir model Freundlich model 

R2 
b 

(L/mg) 

qmax 

(mg g-1) 
kf n R2 

Hematite (IO) 0.99 4.9 12.6 9.4 1.7 0.94 

IOGO5 0.99 5.6 14.5 11.0 1.8 0.97 

IOGO10 0.98 5.1 16.3 11.7 1.9 0.94 

IOGO15 0.98 2.1 19.3 14.3 2.8 0.97 

IOGO20 0.90 0.7 38.4 17.9 3.9 0.78 

IOGO25 0.93 1.1 40.3 20.4 4.3 0.83 

 After sintering 

 Hematite  
IOGO Composites 

5 10 15 20 25 

Adsorption Capacity (mg/g) 

---------------------------- 

Surface area (m2/g) 
0.41±0.01 0.2±0.01 0.23±0.01 0.29±0.01 0.59±0.01 0.65±0.01 
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became slower 0.29 and 0.22 mg As(V)/L.hr, respectively. On the other hand, the first 

stage of IOGO10, IOGO15, IOGO20 and IOGO25 occurred during the first 5 minutes, and 

it can be observed the fast decrease in As(V) concentration during this period at rates of 

4.4, 4.5, 4.6, 4.7 mg As(V)/L.hr, respectively. While their second stages began after 5 

minutes until 40 minutes, and their As(V) uptake rates were 0.19, 0.18, 0.17, 0.16 mg 

As(V)/L.hr, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10 As(V) adsorption kinetic curves of (a) hematite control sample and (b-f) IOGO(5-25) composite materials, 

respectively. 

 

 

Adsorption rate of IOGO25 was recorded as a faster one among the others because 

it achieved 76% As(V) removal during the first 5 minutes and 95% As(V) removal after 

40 minutes from the beginning. After 40 minutes, all the uptake rates of all the adsorbents 

were negligible. All the adsorbents used in this study were able to reduce the concentration 
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of As(V) in the solution to below 10 g/L with fast adsorption rates, which gives a good 

indication about the benefits of loading GO on iron oxide through reducing the required 

adsorption time for removal As(V) and increasing the adsorption capacity of adsorbents.  

The pseudo first and second-order kinetic models were applied to understand the 

adsorption behavior of the materials. Table 3.6 presents the parameters and regression 

coefficients of the two kinetics models. Based on the R2 values, pseudo second-order rate 

showed a better fit than the pseudo first-order rate to simulate the adsorption kinetic of 

As(V) with all adsorbents used in this study. Therefore, the pseudo second-order model 

suggests that chemical sorption should be the rate limiting step for As(V) adsorption by 

composite materials [139].  

3.5. Adsorption mechanism of As(V) on IOGO composite adsorbent 

Several major and minor forms of As(V) undergo acid-base equilibrium, so the 

predominant form of As(V) species present in water depends on pH value. Therefore, the 

dissociation process of As(V) in water will follow those steps:   

 

H3AsO4   H+ + H2AsO4
-                   pKa1= 2.1                                   (1) 

H2AsO4
-   H+ + HAsO4

2-                   pKa2= 6.7                                  (2) 

HAsO4
2-   H+ + AsO4

3-                      pKa3= 11.2                                (3) 

The governing forms of As(V) in this study were H2AsO4
¯ (pH 2-7) and HAsO4

2¯ 

(pH 7-11) since all the experiments were conducted at pH 7 [140]. Two major mechanisms 

have been proposed as responsible for the adsorption of As(V) ions on the surface of 

IOGO(x) composites. The first mechanism is surface complexation which involves the 

adsorption of H2AsO4
¯ and HAsO4

2¯ ions on the surface of composites by forming inner 

sphere complex between the surface of the iron oxide and As(V) acid through As-O-Fe 
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linkage; As-O(H) species can additionally undergo ligand exchange reactions with 

hydroxide groups from the surface of Fe2O3 to form inner sphere complex. The second 

mechanism comprises electrostatic interactions between As(V) ions and the functional 

groups of graphene oxide, such as carboxyl and hydroxyl [138]. We suggested in this study 

that surface complexation is the main mechanism for As(V) adsorption on the surface of 

adsorbents because GO lost more than 50% of its weight after sintering it at high 

temperature (410 °C) and, as a result, missed most of its functional groups on the surface. 

Therefore, electrostatic interactions are expected to be a minor mechanism of adsorption. 

The role of the GO is important in allowing iron oxide particles to distribute uniformly on 

the GO surface, and to provide easy access to the active sites of iron oxide, as was observed 

by the increased adsorption capacity of As(V) shown in Table 6. 

 

Table 3. 6 Fitting parameters of As(v) adsorption kinetics on IOGO(x) and hematite. 

 

 

 

 

 

 

3.6.Conclusions 

In this project, new composite materials of iron/graphene oxides (IOGO) were 

fabricated using different weight ratios of graphene oxide (5,10,15,20,25%). The produced 

composites were first dried in an oven at 80 °C then sintered in a furnace at 410°C. Zeta 

potential, X-ray diffraction (XRD), Scanning electronic microscopy (SEM), Surface area 

(BET), and Thermogravimetric analysis (TGA) were investigated to study the composites 

 

Adsorbents 

 
Pseudo second order Pseudo first order 

qeq (exp.) 

(mg g-1) 
R2 

k2 

(g.mg-1.hr-1) 

qeq (Cal.) 

(mg g-1) 
R2 

k1 

(hr-1) 

qeq (Cal.) 

(mg g-1) 

Hematite 1.24 1 24.9 1.24 0.57 0.34 0.043 

IOGO5 1.23 1 0.345 1.23 0.66 0.38 0.092 

IOGO10 1.23 1 0.384 1.23 0.55 0.32 0.079 

IOGO15 1.22 1 0.472 1.22 0.69 0.36 0.062 

IOGO20 1.22 1 0.497 1.22 0.73 0.49 0.065 

IOGO25 1.21 1 0.577 1.21 0.59 0.56 0.056 
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morphologies and characteristics before and after sintering. The results of XRD confirmed 

that graphite and lepidocrocite in the composites were transformed to graphene oxide and 

hematite after sintering. The amounts of graphene oxide added to iron oxide led to increase 

the surface area of all the composites as confirmed by BET. The results shows that As(V) 

adsorption capacities increased significantly when the weight ratios of graphene oxide 

increased. The higher As(V) adsorption capacity was noticed with IOGO25 composite, and 

its reaction rate was faster than hematite control sample and other composites. Pseudo-

second order kinetic model was a well fit to describe the As(V) adsorption kinetics. This 

study suggested that the surface complexation is the main mechanism for As(V) adsorption 

on the surface of adsorbents. Because of their availability and their low cost, this research 

highlights on using lepidocrocite and graphite to fabricating adsorbents that have a good 

ability to remove As(V) from water. 
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Chapter 4: Asymmetric Tubular Membranes coated by Multi-

layers of TiO2/Polyaniline 

 

 

4.1. Introduction 

Freshwater availability plays an important role in developing economies, 

industries, communities, etc. [141]. Recently, the fast growth of communities around the 

world has led the industries and farms to increase their productivities to provide the 

demands of communities. Therefore, the water consumption by industries has been 

increasing day by day, and, as a result, the released toxic contaminants will increase 

[2,3[144]. Experts and protection agencies in the environment field have been trying to 

find proper technologies that make the treatment easier, more efficient, and cost-effective. 

Membrane Separation Processes (MSPs) have been rapidly progressing in the field of water 

and wastewater treatment because of minimizing the risk related with contaminants and 

their sources, high-efficiency rate for removal low MW of organic pollutants, and their 

ability and modularity to combine with other techniques [145][146]. Therefore, developing 

cost-effective and stable materials and treatments has become an urgent necessity to deal 

with the modern challenges for providing freshwater in a sufficient amount.  

Recently, many new treatment technologies and methods have been invented, but 

they need to be developed to be more economical, effective, and stable in comparison with 

the used techniques nowadays. Thus, this is an important step to achieve significant saving 

of potable water by reusing wastewater and treating the worsening drinking water quality 

day by day [7].      
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Nowadays, nanocomposite membranes have been attracting researchers for 

sustainable water purification by using different techniques such as electrospinning [147], 

layer-by-layer assembly [148], physical coating [149], and self-assembly [150]. 

Consequently, incorporation nanoparticles consisting of metal oxides such as Al2O3, 

Fe2O3, SiO2, and TiO2 [151] in polymer matrices will enhance the physicochemical 

properties and functionalities to membranes [152]. This study suggests to coat a group of 

the tubular ceramic membrane by multilayers of TiO2/Polyaniline through using the 

condensed layer deposition, then investigate their characteristics such as surface and cross-

sectional morphology, flux, permeability, fouling, and rejection. Therefore, two different 

molecular weights of polyethylene glycol (PEG) (20 and 200 kDa) will be used as a model 

to study the evolution of fouling and rejection over time.   

4.2. Experimental  

4.2.1. Materials 

All reagents were analytical grade and used as purchased without additional 

purification. Polyethylene glycol (PEG) C2nH4n+2On+1 (MW 20000 and 200000 Da), 

potassium hydrogen phthalate (≥99.95%), ammonium persulfate (≥98%), and titanium 

isopropoxide (99.9%) were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Hydrochloric acid (38% analytical grade) and heptane (≥99%) were acquired from Alfa 

Aesar (Tewksbury, MA, USA). Aniline liquid (≥99%) was purchased from Fisher 

Scientific (Pittsburgh, PA, USA). Ultrapure water (18.2 MΩ.cm) was used in all the 

experiments and provided by Thermo Scientific BarnsteadTM E-pureTM ultrapure Water 

Purification System, (Waltham, MA, USA). Ultrapure water was used in all experiments 
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from Type I (18MΩ*cm) and obtained from a Barnstead E-pure ultrapure Water 

Purification System (Thermo Scientific, Waltham, MA, USA).  

4.2.2. Preparation and coating of tubular microfiltration ceramic membrane  

Alumina porous ceramic tubes that were used in this study as support material were 

provided by Instituto Tecnológico de Buenos Aires. The dimensions of tubular ceramic 

membranes were 15 cm long with an outer diameter of 9.5 mm and an inner diameter of 

3.2 mm, as shown in Figure 4.1(a,b). Membranes were cut to 3 pieces, each 4 cm long. 

Samples were subjected to 1,2,3,4 coating layers. The coating procedure was carried out in 

a consecutive pattern, and it can be described as follow: to create the first layer, the tubular 

membranes were placed in 200 ml heptane under gentle stirring for 10 minutes. Then 0.5 

ml of 0.5 M of titanium isopropoxide was added to the solution. 

 

 

 

 

 

 

 

Fig. 4. 1 The dimensions of the used membrane (a) the length (b) the cross-section.  

 

 

The membrane was left for 30 minutes to form a titania layer on its surface. The 

process conducted under ultrapure nitrogen gas flow is used to prevent any loss of the 

precursor due to the air moisture. The second coating agent is the polyaniline (PANI), 

which was proposed to enhance the bonding between the first and second layers of the TiO2 

layer in addition to reduce the size of the micron level of the pores. The PANI-TiO2/rods 

a b 
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composite was prepared by an oxidation polymerization process, as reported elsewhere 

[153]. In a typical approach, 500 μL of aniline solution was first dissolved into 2ml of 0.5 

M HCl solution, and then the TiO2/rods were added under stirring for 30 minutes. After 

the above mixture was confirmed to be homogenous, 5 ml of 0.5 M ammonium persulfate 

(as an oxidizer) solution was added dropwise with vigorous stirring. The above suspension 

was stirred overnight, filtered, washed with DI-water, and finally dried at 80 ºC overnight. 

To make the third layer of TiO2, the first step was repeated to create a TiO2-PANI-TiO2/rod 

composite. 

4.2.3. Experimental system setup 

The experimental set up for the filtration studies and its membrane module with 

tubular configuration, which was used to house the filters are shown in Figure 4.2. An 8 L 

tank was used for the feed. Peristaltic Pump, flowmeters with flow control valves to 

measure and control the values of inflow and outflow rates, and pressure gauge for 

monitoring the pressure changes inside the system were purchased from (Cole-Parmer, 

Vernon Hill, IL, USA).  

The feed solution was pumped into the system at a constant inflow rate of 33 

ml/min, and the retentate flow rate was 22.5 ml/min. The retentate flow was discarded and 

not recirculated again to the feed tank. The operating flow rates were manually adjusted 

using the flow control valves installed in the flowmeters and the valve in the permeate flow 

line. The permeate samples were collected using four plastic tubes (25 ml) at open 

atmosphere conditions, and the time was recorded since the start of the experiment. 
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Fig. 4. 2 Schematic of the experimental setup and the membrane module. 

 

4.2.4. Structural characteristics of Membrane 

Scanning electron microscopy (SEM) (Quanta 650 FEG—FEI, USA) was used to 

analyze the visual information of the surface and cross-sectional morphologies of coated 

tubular membranes. 

4.2.5. Permeation experiments  

4.2.5.1. Clean Water Flux (CWF) and Membrane Permeability (Pm)    

Ultrapure water was used to measure the clean water flux (Jw). The permeated water 

was collected by using a graduated cylinder at atmospheric pressure (101.325 kPa) and at 
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room temperature (25 C) and volume recorded as a function of time. The water flux (Jw) 

was calculated by applying Equation 1:  

Jw = V/(A*t)                                                      (2.1) 

where, Jw is the water flux; V is permeated water volume; A is the effective filtration area 

of the membrane, and t is the measured time. By the relationship between transmembrane 

pressure P and water flux (Jw), membrane permeability (Pm) of all membranes was 

calculated by using Equation 2.  

Pm = Jw/P                                                        (2.2) 

where Pm is the membrane permeability, P is the transmembrane pressure. 

4.2.5.2. PEG vs. TOC Calibration curve 

To convert the obtained TOC values to PEG concentrations (ppm), we first have to 

establish a calibration curve of (MW 20,000 and 200,000 Da) PEG concentrations and their 

TOC values. Therefore, different concentrations (0, 5, 10, 15, 20, 25, 50 ppm) of PEG were 

prepared and send them to PC-Controlled Total Organic Carbon Analyzer (Shimadzu 

Corporation Analytical & Measuring Instruments Division, Kyoto, Japan) to measure their 

TOC values. Then, the Microsoft Excel program was used to draw the relationship between 

PEG concentrations and TOC contents. 

4.2.5.3.  Membrane fouling 

The membrane fouling was studied by observing the evolution of transmembrane 

pressure (TMP) at constant inflow 33 ml/L and retentate flow 22.5 ml/L and temperature 

(25 C) by using two different feed solutions 25 ppm of PEG (MW 20,000 and 200,000 

Da). The purpose of using different molecular weights of PEG in this study is to compare 
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and study the effect of MWs on the fouling and rejection growth with increasing the 

number of TiO2 layers and time. 

4.2.5.4. Analysis of rejection  

The rejection of PEG was investigated in this work by using uncoated membrane 

and coated membranes. Before starting the experiment, one sample was taken from the 

feed solution to measure the initial PEG concentration; subsequently, four samples (25 ml) 

from permeate flow were taken when the experimental system started. The percentage of 

PEG rejection was calculated by using Equation 2.3:
  

            R(%) = (1 – Cf/Ci)*100                (2.3) 

Where Cf and Ci are the concentration of PEG in the permeate flow and feed tank, 

respectively. 

4.3. Results and Discussion  

4.3.1. Membranes characterizations 

Figure 4.3 shows the SEM images of the surface morphology and the cross-

sectional of the active layers of the coated and uncoated tubular membranes in this study. 

As the number of TiO2/Polyaniline coating layers increased, the surface coverage 

increased, and, as a result, the diameters of the pores on their surfaces decreased. In this 

study, we used ImageJ 1.52n software to measure the diameters of pores approximately on 

the surface of membranes. The pores diameters of the uncoated tubular membrane ranged 

between 117.18 m and 331.43 m.  
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Fig. 4. 3 SEM images for the membranes surfaces of (a) uncoated and (b) 1-layer of TiO2 (c) 2-layers (d) 3-layers                        

(e) 4-layers. 
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Fig. 4. 4 SEM images for the membranes cross-sections of (a) uncoated (b) 1-layer of TiO2, and (c) 2-layers (d) 3-

layers (e) 4-layers. 
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With increasing the number of coating layers, the diameters of the pores decreased 

gradually in 2,3,4 layers to be (74.5-166.8) (41.31-103.26) (19.95-67.43) m, respectively, 

because of filling the pores by TiO2/Polyaniline layers that grow progressively on the 

surfaces of membranes resulting decrease in the diameter of the pores of gradually.  

Figure 4.4(a-e) presents the cross-sectional images of all the membranes used in 

this study. The SEM images showed that there are abundant microporous with different 

sizes formed on and in the active layer of membranes. Therefore, the porous structures 

were formed and developed successfully in the active layer with increasing the number of 

coating layers.  

4.3.2. Permeability 

The relationships between the flux and the permeability values of all membranes 

with 1 to 4 coatings TiO2 layers are shown in Figures 4.5 and 4.6, respectively. All the 

values were measured before coating, after coating, and after using them with various 

molecular weights of PEG (MW 20,000 and 200,000 Da) after washing by ultrapure water 

(18.2 MΩ.cm). 

 

 

 

 

 

 

 

 

Fig. 4. 5 The relationship between flux and the number of coating layers. 
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Fig. 4. 6 The relationship between permeability and the number of coating layers. 

 

 The flux measurements showed a continuous decrease with increasing the number 

of coated layers by TiO2 and TiO2/Polyaniline. Those results could be interpreted that the 

coating process was achieved its goal by covering the surface of membranes and growing 

the active layer, as the SEM images showed that in Figures 3 and 4.  

After using them in the fouling experiments with PEG (MW 20,000 and 200,000 

Da), both flux and permeability were measured again after flushing all the membranes by 

using ultrapure water (18.2 MΩ.cm) to solve the clogging problem on their surfaces. 

Higher recovery of flux and permeability was observed with 4 layers 95 and 96%, 

subsequently. The new results of flux show slightly dropping in their values because of 

accumulating the PEG on the surface of membranes and inside the permeable paths. 

Therefore, PEG accumulation led to a decrease in the diameters of permeable pores on the 

surface and in the active layer resulting in a reduction of the flux through the membranes. 

The stuck PEG molecules on the inner surfaces of paths of pores.   

Table 4.1 presents the decreasing ratios in flux before and after coating, and after 

using them with PEG (MW 20,000 and 200,000 Da) feed solutions. The coating process 
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led to a decrease in the permeate flux continuously with increasing the number of coating 

layers.  

Table 4. 1 Shows the flux decreasing ratios of all membranes 

Membrane 

situation 
Non-coated 1 2 3 4 

clean 0 0 0 0 0 

After coating 0 0.26 0.40 0.52 0.56 

After fouling 

experiments with 

PEG 20 kDa 

0.11 0.11 0.09 0.07 0.05 

After fouling 

experiments with 

PEG 200 kDa 

0.15 0.13 0.11 0.09 0.05 

 

 

Remarkably, flux decreasing ratios through the membranes decreased slightly with 

increasing the number of TiO2 and TiO2/Polyaniline coating layers and after applying them 

for PEG removal. Those results give a good indication about improving and developing 

the membranes' performances through increasing the permeate flux as a result of increasing 

the PEG rejection, which helps to keep the pores in active layers clean. 

4.3.3. Fouling analysis  

To investigate the membrane fouling, Polyethylene glycol (PEG) was used in this 

study as a model of organic material. Figure 4.7a presents the TMP evolution of uncoated 

and coated membranes over time using PEG (MW 20,000 Da) as a feed solution. All the 

membranes were continuously operated until the pump reaches its maximum flow value. 

Depending on Bain and Xue [154], we expect in this study that the surface of coated 

membranes has different kinds of functional groups, such as C=C, C=N, C−N+, N−H. 

Therefore, the PEG molecules will be adsorbed onto the membrane surface that has TiO2 

or TiO2/PANI by forming hydrogen bonds between OH¯ groups on TiO2 or TiO2/PANI 
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and PEG oxygen atoms [155]. On the other hand, the PEG protons will form bonds nitrogen 

atoms on the surface of coated membranes [156].    

Thus, TMP values of all membranes in this study showed a continuous increase at 

different rates because of accumulating PEG on the surface and inside the pores in active 

layers of membranes over time. Also, it can be observed and compared the effect of the 

number of coating layers on TMPs evolution during the fouling experiment. When the 

number of TiO2 and TiO2/Polyaniline layers increased, the pores’ diameters on the 

membranes surface decreased. As a result, PEG molecules will be rejected from passing 

through the membrane.  

The TMP of the non-coated membrane evolved slower than the other membranes 

while the TMP of 4 layers membrane developed faster and became fouled during the first 

10 min. On the other hand, the fouling happened quickly with 3 and 4-layers during the 

first 15 minutes in comparison with others because of accumulating the PEG foulant on 

their surfaces faster than removing them by the crossflow shear forces and diffusion 

[157][158]. While the fouling evolved slower with (1 and 2) layers because of the pore 

diameters on their surfaces that their sizes are larger than the pore diameters size on the 

surfaces of 3 and 4 layers. Those large pore diameters let the PEG molecules pass through 

the membranes. The permeate flow was gradually decreasing until the end of the 

experiment because of the continuous accumulating of foulants on the top layer of 

membranes and blocking the permeable paths [159].  

Figure 4.7b shows the relationship between TMP vs. time for uncoated and coated 

membranes by using PEG (MW 200,000 Da) as a feed solution. With using higher 

molecular weight of PEG, TMP readings of all the membranes increased quickly over time 
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in comparison with the previous measurements with PEG (MW 20,000 Da). This increment 

belongs to the pores plugging by PEG molecules, which made the pores narrower; 

therefore, the values of permeability of all the membranes became lower after the fouling 

experiment, as mentioned previously in Section 3.1.1.   

 

 

 

 

 

 

Fig. 4. 7 TMP evolution vs time using (a) PEG (MW 20 kDa) (b) PEG (MW 200 kDa). 

 

 

 

After completing the fouling experiments with all the membranes, ultrapure water 

(18.2 MΩ.cm) was used to clean the membranes up from PEG accumulation by pumping 

the water in the reverse direction, as shown in Figure 4.8. The new TMPs showed 

decreasing in their values in comparison with the last values recorded at the end of the 

fouling experiments. Therefore, the new TMPs values were almost the same as the values 

of clean TMPs membranes before using them in the fouling experiments. 
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Fig. 4. 8 Comparison between the TMP of all the used membranes before and after using. 

 
 

4.3.4. Rejection Analysis  

The measurements of PEG (MW 20,000 Da) rejection of all the membranes during 

the fouling experiment at constant flux are presented in Figure 4.9. For constant flux 

fouling, the rejection of all membranes decreased quickly during the first minutes because 
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of increasing TMP inside the system. As a result, the concentration of PEG in the permeate 

flow showed increasing due to evolving the TMP, which lets PEG pass out of the pores in 

the active and support layers, particularly with non-coated and 1 layer membranes.  

On the other hand, the quick accumulation of PEG on the surfaces of membranes 

2, 3, and 4 layers led to fill the small diameters of pores then resulting to prevent moving 

the molecules of PEG toward the permeate flow. Therefore, PEG concentrations decreased 

in permeate flow by increasing the number of coating layers. 

 

 

 

 

 

 

 

 

 

Fig. 4. 9 Rejection evolution vs time using PEG (MW 20,000 Da) at a constant flux 33 ml/min. 

 

Subsequently, the results show there are no significant differences between the 

rejection ratios of uncoated and 1 layer membranes. Those close values of rejection could 

be interpreted that the TiO2 nanoparticles in the 1 layer membrane didn’t fill most of the 

pores in the support layer or cover the membranes surface completely, which led to permit 

the PEG particles from leaving the membrane toward the permeate flow. While the other 

coating layers showed increasing in the values of rejection because of filling the pores by 

TiO2 nanoparticles, also, it should be noted that the number of Polyaniline that used to 
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increase the attachment among the TiO2 layers plays an important role with that. Finally, 

this study showed an increase in the sampling time for the PEG rejection test over time. 

Figure 4.10 presents a comparison of the rejection ratios of PEG (MW 200,000 Da) 

for all the used membranes in this study. Because of using a higher molecular weight of 

PEG, the rejection values of membranes 3 and 4 layers decreased slower than the other 

membranes due to formed smaller pore diameters with increasing the number of coating 

layers and blocked most of the pores by accumulating PEG molecules. On the other hand, 

increase the TMP inside the system pushed PEG molecules out of the membranes towards 

the permeate flow.  

The rejection values of 1 layer and 2 layers membranes decreased quickly with 

increasing the molecular weight of PEG. Those result indicates how the effect of increasing 

the molecular weight of PEG on the membranes’ performances and how the number of 

TiO2 coating layers affect the rejection process. 

 

 

 

 

 

 

 

Fig. 4. 10 Rejection evolution vs time using PEG (MW 200,000 Da) at a constant flux 33 ml/min. 
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4.4. Conclusion  

In this study, a group of tubular ceramic membranes were coated by multi-layers of 

TiO2/PANI. Their characteristics were investigated using SEM analysis, flux, 

permeability, fouling, and rejection. Two different molecular weights (20,000Da and 

200,000Da) of polyethylene glycol (PEG) were used to study the as a model of organic 

material. SEM images showed the pore diameters in the surface and active layer of coated 

membranes gradually decreased with increase the coating layers. Moreover, the values of 

flux and permeability also decreased when the number of coating layers increase. 

Therefore, those results confirmed that the coating process was successfully achieved in 

this work. Depending on the fouling results, TMP showed gradual increasing rates with 

increase the coating layers because of accumulating PEG molecules on the membrane 

surface and inside permeable paths. With using PEG (MW 200,000 Da), TMP evolved 

quickly with using 4 layers membrane because its surface was fouled by PEG molecules; 

whereas, it grew slower with the non-coated membrane.  

Rejection results illustrated that PEG concentration in the permeate flow increased 

because of evolving the TMP that will enforce PEG molecules pass through the non-coated 

and coated membranes. On the other hand, the rejection ratios showed no significant 

difference between uncoated and 1-layer membranes comparison with other 2,3,4-layers. 

These results could be interpreted that the TiO2 nanoparticles did not completely cover the 

pores on the membrane’s surface or fill permeable paths in the support layer. As a result, 

PEG particles will leave the membrane quickly with increase TMP. After completing the 

fouling and rejection experiments, all the membranes were cleaned using ultrapure water 

(18.2 MΩ.cm) by pumping it in the reverse direction. The new membranes TMP presented 
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decrease and almost became the same as the values of TMPs before used them in fouling 

and rejection experiments. As a result, it could be use the membranes many times after 

clean them, and, particularly, the 4-layers showed a little change in its TMP values when 

it is clean and after cleaned.  
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Chapter 5: Enhanced Degradation of Sulfamethazine by using 

Advance Oxidation Processes (AOPs) Combined with Membrane 

Filtration. 

 

 

 

 

5.1. Introduction 

Two-thirds of the human population around the world is affected by water scarcity 

for a month at least per year [160]. Existing good quality water resources may reach their 

limits rapidly in most parts of the world as a result of the continuous discharge of domestic 

and industrial waste in addition to their non-biodegradable compounds such as antibiotics 

[161]. Sulfamethazine (SMZ) is one kind of a wide range of antibiotics, and it belongs to 

pharmaceutical active compounds (PhACs). Because of its broad applications as a 

bacteriostatic agent, SMZ has become recently a widespread contaminant, and the 

conventional treatment processes are unable to remove it effectively [162]. For instance, 

coagulation and flocculation processes have been used to remove some kinds of pollutants 

in water and wastewater. Regardless, these technologies have some disadvantages such as 

generation toxic secondary by-products and unsatisfactory removal efficiency for some 

recalcitrant compounds (e.g., antibiotics, dyes, pesticides, pharmaceutical, etc.) [163], as 

mentioned in Table 5.1. Thus, improved treatment technologies, readily available and 

simple to operate, could support actions to increase widespread access to clean water [164]. 

Many treatment technologies such as adsorption [99], membrane filtration [100], and 

advanced oxidation processes [101] have been used to remove different types of 

contaminants, and SMZ is one of them.  
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Table 5. 1. Uses and disadvantages of some water and wastewater technologies. 

Water 

technologies 
Contaminate removed Disadvantages 

Biological 

methods 

Using biological cultures (pure 

or mixed)  

Need to generate optimal favorable environment, 

requiring to manage and maintain the 

microorganisms and/or physicochemical pre-

treatment, slow process (kinetics problems), low 

dyes biodegradability, etc. 

Coagulation and 

flocculation 

Removing bacteria, dissolved 

organic carbon, turbidity, some 

chemical contaminants, and 

heavy metals such as arsenic, 

fluorides, phosphorus, etc. 

Non-reusable chemicals (aid chemicals, 

coagulants, flocculants,) required, monitoring of 

the effluent (pH), low arsenic removal, and 

produced high sludge volume (cost, treatment, 

management).  

Chemical 

precipitation 

 To uptake the pollutants and 

separate the products formed 

Ineffective in removing of the metal ions at low 

concentrations, disposal and handling problems 

(cost, treatment, management), High sludge 

production, monitoring the effluent (pH)   

Ozone 

Effective in eliminating color, 

iron, manganese, odor, and 

tastes; Also, it is not affected 

by pH and temperature  

Chemicals needed, Oxidants production, transport, 

and management, short half-life, influenced by the 

kinds of oxidants 

 

Membrane filtration technologies have been considered as a suitable solution to 

remove the low concentrations of contaminants and pathogens from water and wastewater 

to the allowable limits for drinking and discharging [165]. Because of providing barriers 

for contaminants separation, membranes’ fouling is expected to increase during operation 

with time. The fouling is originated from accumulating the contaminants on the surface of 

membranes that lead to a decrease in the efficiency of the separation, shorter membrane 

lifespan [166], reduction of permeate flux [167], an increase of the transmembrane pressure 

(TMP), and amount and frequency of chemicals required for cleaning [168]. To minimize 

or reverse membrane fouling, understanding the mechanisms of fouling and cleaning are 

needed, but yet lacking. The fouling control and removal methods include; chemical, 

electrical, hydraulic, and physical cleaning. However, all of these methods generate 

undesired factors and challenges to the processes such as downtime, increased running 

costs, and damage to the membrane [169].  
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Recently, advanced oxidation processes (AOPs) have successfully combined with 

ceramic membrane filtration to overcome fouling issues and to degrade the contaminants 

in water [170][11]. Membrane filtration processes could be improved by coating the 

surface of membranes with photocatalytic materials such as titanium dioxide (TiO2), iron 

oxide (IO), zinc oxide (ZnO), etc. Using metal oxide nanoparticles as a photocatalytic will 

prevent the accumulation of organic contaminants on the surface of membranes, so they 

will play a key role by degrading the pollutants to simple elements such as CO2 and H2O 

after illuminating them with UV-light. Therefore, metal oxide nanoparticles will contribute 

to solving the excessive fouling problems and, as a result, provide high flux for a long time 

without increasing TMP. On the other hand, this technique will lead to avoid using the 

chemicals for maintenance and cleaning to remove the secondary waste. This kind of 

technology is called “self-cleaning” that regenerates itself continuously without needing to 

use an external method for cleaning [166]. The oxidative degradation ability of the 

photocatalysts and the separation role of the porous membrane could work together in one 

unit to produce a superior hybrid membrane material [171].  

Thus, this study aims to coat the tubular ceramic microfiltration membrane with 

TiO2 nanoparticles as hybrid separation/degradation media. The coated membrane will be 

installed in the module and surrounded by UV-LED strips as a source of radiation at 365 

nm. This system will be applied to evaluate the performance of the SMZ photodegradation 

process. pH, ionic strength (Cl− and NO3
−), humic acid, SMZ concentrations were 

considered in this work to study their presence effects on the membrane performance and 

SMZ removal.  
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5.2. Materials and methods 

5.2.1. Chemicals  

All reagents were of analytical grade and used as purchased without additional 

purification. Heptane (≥99%) and Hydrochloric acid (38% analytical grade) were obtained 

from Alfa Aesar (Tewksbury, MA, USA). Ammonium Persulfate (≥98%), and titanium 

isopropoxide (99.9%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Aniline 

liquid was provided from Fisher Scientific (Pittsburgh, PA, USA). Sulfamethazine (HPLC 

Grade) were purchased from Sigma-Aldrich (St Louis, MO, USA). Calcium chloride 

(CaCl2) (Isooctane, 99%) were obtained from Fisher Scientific.  

5.2.2. Instruments 

Ultrapure water (18.2 MΩ.cm) (Thermo Scientific BarnsteadTM E-pureTM ultrapure 

Water Purification System, Waltham, MA, USA) was used to prepare all the solutions and 

to clean all the parts of experimental system. A UV-LED flex strip was obtained from 

LEDlightsworld (ShenZhen, China) with a nominal power: 14.4 W/m and main emission 

wavelength of 365nm.  

5.2.3. Membrane fabrication  

As mentioned in chapter 4, alumina porous ceramic tube was used as a support 

layer, and its dimensions are 15 cm long, inner diameter 3.15 mm, and outer diameter 9.5 

mm, as shown in Figure 5.4(a,b). The membrane was cut to 3 pieces, 4 cm long each, and 

prepared for coating by TiO2. The procedure of coating was carried out in a consecutive 

pattern which can be described as follow: the piece of membrane was placed in 200 ml 

heptane under a gentle stirring for 10 minutes, then 0.5 ml of 0.5 M of titanium 

isopropoxide was added to the solution. Then, the membrane was submerged 30 minutes 
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afterword covered by Titania layer. Ultrapure nitrogen gas flow was applied to prevent any 

loss of the precursor due to the air moisture. 

 

 

 

 

 

 

Figure 5. 1 Tubular ceramic supports: (a) side view (b) cross-sectional view. 

 

5.2.4. Experimental set-up.  

The experimental set up for filtration/degradation studies is shown in Figure 5.5. A 

1L conical flask was used for the feed solution. A peristaltic pump, flowmeter with flow 

control valve to measure and control the values of inflow rate, and pressure gauge for 

following the changes up inside the experimental system. A custom made membrane 

module with tubular configuration was used to house the filters. UV-LED strip was 

attached on the inner edge of module around and over the membrane at a net distance of 

0.82 cm. This arrangement will ensure uniform irradiation throughout the membrane 

surface.   

During SMZ degradation experiment, 10 mL samples from permeate flow, 

depending on flowrate, and 10 mL samples from the feed solution were taken every 10min. 

All the samples were filtered by 0.22 μm nylon syringe filters to quantify the concentration 

of sulfamethazine by HPLC.  

 

b a 
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Figure. 5. 2 Schematic of experimental setup for integrated direct contact membrane  filtration–UV photolysis 

treatment. 

 

5.3. Filtration/Reaction experiments:  

The membrane operation conditions were varied systematically to investigate the 

influencing factors such as the initial SMZ concentration, pH, presence of NOM (humic 

acid), and ionic strength and to optimize the degradation conditions, as explained in the 

subsections below.  

5.3.1. Preparation of SMZ standard curve 

The calibration curve of SMZ was established by preparing different concentrations 

(0, 0.1, 0.25, 1, 5, 10, 15, and 20 ppm) solution were kept at 4 °C in the refrigerator. All 

SMZ samples were analyzed by HPLC within 24 hours after filtered with 0.22μm nylon 
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membrane filter. SMZ concentrations were quantified within 24 hours by High 

Performance Liquid Chromatography (HPLC) (LC- 2010A HT, Shimadzu, Japan) 

equipped with the C18 reversed-phase column (4.6 mm × 100 mm, Phenomenex, US) and 

a diode array detector (DAD) at the detection wavelength of 254 nm. The column 

temperature was 40 °C and the injection volume was 20 μL. The flow rate of mobile phases 

used in this HPLC method was 0.5 mL/min, and mobile phases consisted of 0.1% 

phosphoric acid in water and 100% acetonitrile. The gradient used is described below at 

Table 5.2. 

 

Table 5.2 The gradient conditions for HPLC method. 

Time (min.) Acetonitrile 

0 – 0.5 2% 

0.5 – 7 2% - 80% (Linear) 

7 – 9 80% - 98% (Linear) 

9 – 10 98% - 2% (Linear) 

10 -15 2% 

 

The pH values have direct influence on the charge of contaminants and membrane’s 

surface. Therefore, three different pH values (2, 5, 8) were selected depending on the acid-

base diagram to study the effect of pH on the membrane efficiency to degrade and remove 

SMZ. For this purpose, the pH was adjusted to 2, 5 and 8, respectively, by adding 0.1 N 

HCl and NaOH to the SMZ solution.  

5.3.2. Effect of SMZ  

To evaluate the efficiency of catalyst-coated membrane for SMZ photocatalytic 

degradation, two feed initial concentrations, 5 and 10 ppm, were used at three different pH 

(2,5,8). 
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5.3.3. Effect of presence of organic matter 

In this study, humic acid (HA) was selected as a model of natural organic matter 

(NOM) to study its effect on SMT degradation. A concentration of 1 ppm of HA was used 

for this purpose.  

5.3.4. Effect of ionic strength 

Inorganic ions presence in water affect significantly SMZ degradation. The effect 

of inorganic ions such as, chloride (Cl−) and nitrate (NO3
−) ions, on SMZ photolysis were 

systematically examined. Different NaNO3 concentration 1,10,100 mM and 10 ppm of 

chloride were studied at 5ppm SMZ and pH5.  

 

5.4. Results and discussion  

5.4.1. Effect of pH on SMZ removal  

The pH of the solution directly affects contaminants adsorption and degradation by 

governing the degree of dissociation of the functional groups on the membrane surface and 

changed the surface potential of the material. Before studying SMZ degradation by UV-

light, dark control experiments were carried out to compare the SMZ removal on catalyst-

coated membrane under different conditions, as shown in Figure 5.3-6. Two different 

concentrations of SMZ 5ppm and 10ppm were used for this purpose as a feed solution at 

different pH values (2,5,8).  

In the absence of UV light, the experiments of SMZ removal showed no remarkable 

change in its concentration at pH5 in both permeate flow and feed solution. Those results 

confirmed that SMZ adsorption process on the membrane surface is not significant without 

using UV-light. On the other hand, the large size of pores also plays an important role to 
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let SMZ molecules pass through the membrane's active and support layers without 

significantly capturing them. 

 

 

 

 

 

 

 

 

 

Figure 5.3 Influence of pH on the removal of SMZ, 5ppm initial [SMZ] in the absence of UV light: 

(a) permeate (b) feed. 

 

 

 

 

 

 

 

 

 

Figure 5.4 Percentage removal (C/Co) vs time in the absence of UV light (5ppm initial [SMZ]): 

(a) permeate (b) feed. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Influence of pH on the removal of SMZ, 10 ppm initial [SMZ] in the absence of UV light: 

(a) permeate (b) feed. 
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Figure 5.6 Percentage removal (C/Co) vs time in the absence of UV light (10 ppm initial [SMZ]): 

(a) permeate (b) feed. 

 

Moreover, the system that used in this study is a continuous flow, and the SMZ 

molecules maybe did not get enough time to be adsorbed by active sites on the surface of 

membrane. The results agree with many researchers and studies that previously mentioned 

the stability of SMZ concentration in the absence of UV-light [166][167]. The other values 

of pH, 2 and 8, almost showed same results of SMZ removal with pH5. Therefore, altering 

the pH solution had no effect on SMZ adsorption. Those results confirm that electrostatic 

force was not main role between TiO2 particles and SMZ molecules.   

Under UV light, the influence of pH solution (2,5,8) on the degradation of 5ppm 

SMZ as an initial concentration was investigated, as illustrate in figures 5.7 and 5.8. SMZ 

degradation showed increase when the pH of solution became more acidic. This result can 

be interpreted when TiO2 is illuminated by UV-light, an electron will migrate from the 

valence band toward conduction band to produce electron (ecb
¯) in the conduction band and 

hole (hvb
+). As a result, the electron will interact with the oxygen molecules and produce 

superoxide (O2
¯*) that will interact with the vicinity SMZ molecules.  

Because the system used in this study is continuous flow reactor, the concentration 

of dissolved oxygen was available without decreasing in comparison with batch reactor. 

a b 
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Moreover, the holes will interact with the water molecules and produce hydroxyl radicals 

(OH¯*) that will also interact with SMZ molecules and mineralize it completely releasing 

concurrently the oxidative products of H2O and CO2.   

In addition, TiO2 will produce H2O2 in the aerated aqueous solution through 

reduction of oxygen molecular by exciting electron to the conduction band. Also, H2O2 

will be formed by recombination of hydroxyl radicals on the TiO2 surface. This process is 

considered the only pathway for H2O2 production when the dissolved oxygen is available 

in systems. H2O2 will be continuously produced, specially, in the acidic solution because 

of the proton availability that will react with superoxide (O2
¯•) and produce Hydroperoxy 

radical (HO2
•). As a result, the molecules of hydroperoxy radical (HO2

*) will react with 

each other and produce H2O2 in the solution  [174].  

The results, shown in figures 7 and 8, illustrated there is no increment in SMZ 

degradation after 20 min., and the photochemical reaction reached to equilibrium situation. 

Those results could be explained that the oxygen content inside the system was almost 

exerted by the photoreaction, and, as a result, O2
• that responsible about producing H2O2 

was also decrease. Therefore, SMZ degradation rate decreased inside the experimental 

setup [175].   

At pH 5, the results showed degradation in SMZ molecules but less than in pH 2.  

Those results can be explained in terms of PZC of TiO2. The particles of TiO2 will carry 

positive charge on the surface of membrane when the solution pH is lower than PZC (6.5). 

As a result, the surface of the membrane will be charged in positively because the surface 

of TiO2 is protonated (TiO2H
+). On the other hand, SMZ molecules will exist in neutral 
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form (SMZ0), at pH  2.65 and pH  7.42, and zwitterion (SMZ±) [176]. Thus, positively 

charge of TiO2 will adsorb SMZ through the polarized group –SO2N– of SMZ.  

SMZ degradation at pH 8 showed decrease in comparison with other pHs because 

both SMZ molecules and TiO2 are in negative charged. In this case, SMZ molecules would 

be more difficult to react with TiO2 because the force of electrostatic repulsive will be large 

under neutral and basic conditions. As a result, the efficiency of SMZ degradation and 

reaction rate will decrease when the pH > 6.5.    

 

 

 

 

 

 

Figure 5.7 Influence of pH on the removal of SMZ, 5ppm initial [SMZ] under UV light (a) permeate                     
(b) feed. 

 

 

 

 

 

 

 

 

Figure 5.8 Percentage removal (C/Co) vs time in the absence of UV light (5 ppm initial [SMZ]): 

(a) permeate (b) feed. 

 

5.4.2. Effect of SMZ concentration 

Two concentrations of SMZ, 5ppm and 10 ppm, were studied under different pH 

values 2,5,8, as illustrated in figure 5.9 and 5.10. The concentrations of SMZ 5ppm and 

a b 

a b 
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10ppm showed decrease in permeate flow and feed solution together after 8min. and 

20min., respectively, under illumination.  On the other hand, degradation ratios C/Co of 

SMZ shows increase in both concentrations in the permeate flow and the feed solution 

when pH decreases. However, the removal efficiency of 10ppm SMZ concentration 

decreased when pH values increased 65% at pH2, 37% at pH5, and 10% with pH8 after 

1hr of photodegradation reaction. In same trend, the removal efficiency of 5ppm SMZ 

decreased 62% at pH2, 30% at pH5, and 2% at pH8 after 1 hr. As noticed, the removal 

efficiency of SMZ slightly decreased after increase SMZ concentration with all pH values. 

The results revealed decrease in the membrane efficiency when the SMZ concentration 

increase because the active layer was unable to handle with the excess amount of SMZ. 

Therefore, SMZ molecules remained in the permeate flow without degrading. To keep the 

efficiency of membrane, it may be needed to increase the active sites on the membrane 

surface to be able dealing with excess amount of SMZ. 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5.9 Influence of the pH on the removal of SMZ, 5ppm and 10ppm initial [SMZ] under of UV light 

(a) permeate (b) feed. 
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Fig. 5.10 Percentage removal (C/Co) vs time in the absence of UV light (5ppm and 10ppm initial [SMZ]): 

(a) permeate (b) feed. 

 

5.4.3. Effect of HA presence on SMZ degradation 

To study the effect of presence HA on the removal of SMZ in the water, dark 

control experiments were carried out first. The used feed solution in this experiment 

includes 1ppm HA and 5ppm SMZ, at pH 2,5,8. The results showed that SMZ removal by 

the coated membrane was not significant in both permeate flow and feed solution at the 

three pH values tested, as depicted in Figure 5.11 and 12. In comparison with Figure 5.3, 

the results showed that added HA to the solutions did not improve the ability of the 

membrane to remove SMZ molecules.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 Influence of pH on the removal of SMZ, 1ppm HA and 5ppm [SMZ], in the absence of UV light 

(a) permeate (b) feed. 
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Fig. 5.12 Percentage removal (C/Co) vs time in the absence of UV light (1ppm HA and 5ppm [SMZ]): 

(a) permeate (b) feed. 

 

Figures 5.13 and 5.14 illustrate the effect of the absence and presence of HA on the 

SMZ degradation at pH 2,5,8. At pH 2, the results showed that there is a significant 

enhancement in the SMZ degradation by decreasing the required time to degrade the same 

concentration of SMZ in clean water.  

 

 

 

 

 

 

 

 

 

Fig. 5.13 The influence of the pH solution on 1ppm HA and 5ppm [SMZ] vs time under of UV light (a) permeate        

(b) feed. 
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Fig. 5.14 The normalized 1ppm HA and 5ppm [SMZ] plotted vs time under of UV light (a) permeate (b) feed. 

 

SMZ degradation showed increase at pH 5 in the presence of HA, and this 

increment became stable until the experiment completed. On the other hand, SMZ 

degradation at pH 8 exhibited a simple increase at the beginning of experiment then became 

unworthy. These increments in the SMZ degradation rates could be attributed to the 

existence of dissolved organic matter (DOM), that has a pronounced effect on 

photochemical based water treatment processes. Biomass after decomposed it is considered 

as a major source of producing DOM which is composed of large carbon-based structures 

with large number of light absorbing chromophores. DOM will lead to an excited state 

(DOM*) upon light absorption Equation 5.1. DOM* can undergo electron or energy 

transfer pathways with molecular oxygen to produce 1O2 (single oxygen) or O2
•- Equation 

5.2. These reactive oxygen species (ROS) will initiate SMZ degradation Equation 5.3. 

Dissolved organic matter will sensitize TiO2 too Equation 5.4 which leads to charge carries 

with the potential to start processes of degradation Equation 5.5 [177]. 

 

a b 
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DOM + hv  → DOM*                                                     (5.1) 

DOM* + O2 → 1O2(O2
•-)                                                 (5.2) 

1O2(O2
•-) + SMZ → SMZ(OX)                                          (5.3) 

DOM* + TiO2 → TiO2*                                                  (5.4) 

TiO2* → ecb
- + hvb

+ → ROS + SMZ → SMZ (OX)            (5.5) 

 

5.4.4. Effect of ionic strength on the SMZ degradation 

To study the effect of adding IS on SMZ degradation, three different concentrations 

of ionic strength (1,10,100 mM of NaNO3) were prepared as feed solutions after adjusting 

their pH solution at 5 with the absence of UV light. The results showed that SMZ 

adsorption on the membrane surface was low with all IS values in both permeate flow and 

feed solution, as illustrated in figures 5.15 and 5.16. The results confirmed that the SMZ 

adsorption was negligible in the next SMZ photodegradation experiments by using IS 

solutions.  

 

 

 

 

 

 

 

 

Fig. 5.15 The influence of different levels of NaNO3 1,10,100 mM and NaCl¯ 10 mM on an initial 5ppm [SMZ] 

solution at pH5 vs time at the absence of UV light (a) permeate (b) feed. 
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Fig. 5.16 Percentage removal (C/Co) vs time in the absence of UV light (different levels of NaNO3 1,10,100 mM and 

NaCl¯ 10 mM on an initial 5ppm [SMZ] solution at pH5): (a) permeate (b) feed. 

 

Notably, the results showed a significant increase SMZ degraded with increase 

nitrate ions within 1,10,100 mM after 1hr under UV-light, as shown in figures 5.17 and 

5.18. After 8 min., SMZ had been decomposed and removed around 73, 95, 97%, 

respectively, of its initial amount. It indicates that SMZ was converted after 1 hr. This result 

attributed to a favorable electrostatic interaction between TiO2 particles and SMZ when the 

value of pH is 5 [178]. Consistent with our observation, Hao et al. mentioned that promotes 

of effect of presence nitrate ion on UV degradation sulphonamide compounds [1]. On the 

other hands, nitrate ions will adsorb the excess UV light when its concentration increases 

that will be led to competition for the number of photons available [180]. Therefore, SMZ 

degradation didn’t enhanced proportionately when the nitrate ion concentration increased. 

Because of its presence in significant concentration in water bodies over a varied 

concentration range of 0.1-500 ppm [181], chloride (Cl−) ion was studied in this work to 

investigate its effect on the SMZ degradation and the membrane performance. Therefore, 

10ppm of Cl− was added to 5ppm SMZ solution at pH5 in the absence and under UV light. 
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Fig. 5.17 The influence of NaNO3 1,10,100mM on an initial 5ppm [SMZ] solution at pH5 vs time under of UV-light          

(a) permeate flow (b) feed. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.18 The normalized of NaNO3 1,10,100mM on an initial 5ppm [SMZ] solution at pH5 vs time under of UV-light 

(a) permeate (b) feed. 

 

 

In the absence of UV light, SMZ removal efficiency showed not significant 

decrease after 1 hr., as shown in Figures 5.17 and 5.18. This result belongs to the affinity 

of Cl− ions to be adsorbed by the positive active sites on the membrane surface, so the 

membrane surface will be neutral to SMZ molecules. Thus, Cl− will lead to make the 

adsorption of SMZ molecules by TiO2 particles slower by decreasing the electrostatic 

interaction force between the membrane surface and SMZ molecules. Therefore, SMZ 

adsorption will be not important role in the following SMZ photodegradation experiments. 

b 

b a 

a 
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 Under UV light, the results showed decrease slightly SMZ concentration in 

comparison with clean water, as shown in figures 5.21 and 5.22. The reduction of SMZ 

degradation in the presence of Cl−  ion could be interpretated to the competition between 

SMZ and Cl−  ions for UV light. In addition, Cl−  ion presence may generate some radicals 

such as, Cl•, that may inhibit the degradation of SMZ [182]. Zhuang et al. mentioned that 

a slightly reduction of SMZ removal efficiency in the presence of 2 mM Cl−  [183].   

 

5.4.5. Fouling and TMP evolution during membrane operation 

Figures 5.19a-d shows the TMP profiles with absence UV light under different 

values of pH, SMZ, HA, and IS, respectively, as feed solutions and during 1 hour of 

filtration. The results showed slight differences between the beginning and final of TMP. 

Those results confirmed that the membrane surface without illumining TiO2 particles will 

let the SMZ pass the system without degradation or accumulation, as shown in figures 5.3-

6, 5.11 and 12, and 5.15 and 16. On the other hand, HPLC results confirmed that SMZ 

passed the system without changing in its concentration. After illumination the surface of 

membrane by UV-LED light, figures 5.20(a-d) show that no significant differences 

between the TMP with or without illumination the membrane surface by UV-LED light. 

The fouling didn’t change with using different values of pH, SMZ, HA, and IS as feed 

solutions. Those results shows that the large pore size on the membrane surface will led to 

delay accumulation of SMZ and HA in absence of UV-LED light. Therefore, the surface 

of membranes stayed clean without significant fouling during the filtration processes [169]. 

Same situation happened with presence of UV-LED light. TMP didn’t change significantly 

even with degradation of SMZ on the membrane surface after 1 hour of filtration.   
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Figure 5.19 Normalized pressure-time profiles vs time at absence of UV light (a) 5ppm [SMZ] (b) 10ppm [SMZ]       

(c) 1ppm HA and 5ppm [SMZ] (d) 1,10,100 mM NaNO3 at pH5 (e) 10 ppm [NaCl−] and 5ppm [SMZ] at pH5. 
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Figure 5.20 Normalized pressure-time profiles vs time under UV light (a) 5ppm [SMZ] (b) 10ppm [SMZ] (c) 1ppm 

HA and 5ppm [SMZ] (d) 1,10,100 mM NaNO3 at pH5 (e) 10 ppm [NaCl−] and 5ppm [SMZ] at pH5. 
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5.5. Conclusion 

A novel technique that includes two processes: filtration and advanced oxidation 

was used to examine the kinetic of photocatalytic degradation of SMZ on the supported 

TiO2 ceramic tubular membrane. In the absence and presence of UV-light. A continues 

flow reactor was performed to compare the SMZ degradation under different conditions. 

In this study, two SMZ concentrations (5 ppm and 10 ppm) were examined their 

degradation under different pH 2, 5, and 8 values in the absence and presence of UV-light. 

The results showed that the SMZ removal was no significant in the absence of UV-light. 

Under UV-light, the system significantly removed the SMZ from the solution at pH 2 after 

1 hr. On the other hand, the presence of HA was investigated its effect on the degradation 

of 5 ppm [SMZ] at pH 2,5, and 8 as an initial solution. The degradation efficiency of SMZ 

was noteworthy improved in the presence of HA with all pH values by decreasing the 

required time to degrade SMZ in clean water. NaNO3¯ (1,10,100 mM) and NaCl¯ (10 ppm) 

ions were also studied their effects on the degradation of 5 ppm SMZ at pH 5.  The rate of 

SMZ degradation was faster in the presence of NO3
− comparison with clean water, and this 

rate decreased roughly with increase of NO3
−. This decrease is interpreted that NO3

− ion 

will adsorb the excess UV light and led to competition for the number of photons available. 

Otherwise, SMZ degradation decreased in the presence of Cl−  ion because of the 

competition between SMZ and Cl−  ions for UV light. In addition, Cl−  ion will generate 

some radicals such as, Cl•, which may inhibit the degradation of SMZ [182]. TMP of this 

system was monitored, and the results showed there is no significant increase with SMZ 

degradation. As a result, this system offers a suitable treatment to remove SMZ from water.  
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Chapter 6: Conclusion and Future work 
 

 

6.1.Conclusion.  

The application of metal oxides to water treatment processes was investigated in 

order to address current challenges in drinking water quality. A new group of iron/graphene 

oxides composite materials (IOGO) with composition varying form 5% to 25% GO in 

weight were fabricated and characterized. XRD analysis showed that iron oxide was while 

SEM images confirmed that IO particles distributed uniformly on the GO sheets. The 

material was evaluated as adsorbent for As(V) removal from water. As(V) removal from 

water. The adsorption capacity increased with GO content, which also the led to increase 

the BET surface area. IOGO25 showed the highest efficiency for As(V) adsorption removal 

of all composites. As(V) adsorption kinetics was well fit with a pseudo-second order 

kinetic model; a correlation between GO content and faster kinetics was observed. The 

surface complexation was proposed as the main mechanism for As(V) adsorption. The 

IOGO composites were able to remove As(V) contamination below the recommended 

MCL for drinking water. The incorporation of GO resulted in a more efficient material, 

with higher adsorption capacity than hematite and faster adsorption kinetics.  

In a seond approach, a group of tubular alumina ceramic membranes were coated 

by multi-layers of TiO2. SEM images showed that pore diameters gradually decreased in 

both surface and active layer of the coated membranes with the increase the number of 

coating layers. The results of flux and permeability confirmed that the coating process was 

successful, indicted by a decrease in their values. Polyethylene glycol (PEG) (MW 20 kDa 

and 200 kDa) were used as a model organic compound to study the fouling and the rejection 
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evolution of the membranes. Transmembrane pressure (TMP) showed gradual increase 

rates with increasing number of coating layers. On the other hand, TMP evolved quickly 

with 4 layers membrane using PEG (MW 200 kDa). Rejection experiements showed that 

PEG concentration in the permeate flow increased because evolving TMP. After a water 

rinse, the membrane TMP  decreases to practically the same as before being used in fouling 

and rejection experiments, which suggests a very low level of irreversible fouling.  

The TiO2 coated membranes were tested in filtration and reaction (advanced 

oxidation) process for the degradation of sulfamethazine (SMZ). The membrane was tested 

in the absence and presence of UV-light at continues flow reactor mode. Two initial SMZ 

concentrations (5 ppm and 10 ppm),three  pH levels (2, 5, and 8) , presence of humic acid 

(HA 5 ppm), and ionic strength (10 ppm NaCl and 1,10,100 mM of NaNO3-), were 

examined to study their effect on SMZ removal and degradation. In the absence of UV-

light, the results showed that SMZ was not removed by the membrane with the all 

parameters studied. Under UV-light, the system was able to remove 67% of SMZ from the 

solution at pH 2. The presence of HA led to an improvement of SMZ degradation at all pH 

values, as well as the presence of NO3
- . However, SMZ degradation decreased in the 

presence of Cl- ion because of the competition between SMZ and Cl- ions for UV light. 

The studied system offers a suitable treatment for SMZ degradation from water. 

 

6.2.Future work 

The works have stimulated us to make the following suggestions for future work.  
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6.2.1. Investigating the performance of the coated tubular ceramic membranes by 

multilayers of TiO2 for removal a group of antibiotics contaminants. 

After the successful coating process of the tubular ceramic membranes, their 

efficiency of those membranes will be examined to remove of three antibiotics most 

frequently identified in the aquatic environment such as, sulfamethazine, oxytetracycline, 

tetracycline. Also, the effect of presence of organic and inorganic compounds on antibiotics 

removal will be studied. 

6.2.2. Degradation Mechanisms Analysis of Photocatalytic  

The major intermediates formed during sulfamethazine photocatalytic degradation 

and their analogues will be detected or deduced by analyzing the taken samples from the 

influent and permeate flow using HPLC/MS/MS. Also, this study will investigate their 

degradation behaviors. 

6.2.3. Flow rates of inflow and retentate  

The effects of using different flow rates of inflow and retentate will be investigated 

on the degradation process of SMT. The operating flow rates will be adjusted by hand 

operation using the flow control valves installed in the flowmeters and the valve in the 

permeate flow line.  

6.2.4. Time of illumination by UV-light  

To study the effect of illumination time on photodegradation efficiency of SMZ, 

the efficiency of photodegradation at different time periods will be carried out by turning 

the UV-light at different time (20, 30, 40, 60 min) and pH (2, 5, 8).  
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