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Carbon nanotubes (CNTs) are considered to be a versatile and unique material due to 

their extraordinary electrical, thermal and mechanical properties. CNTs have been 

extensively utilized for the removal of various contaminants from water. In this work, a 

novel approach was used to synthesize metal/metal oxide doped-CNT membranes, with 

the aim of fully utilizing the extra ordinary properties of CNTs and metal/metal oxides. 

No binder was used for the synthesis of the membrane; instead, metal/metal oxide 

particles served as a binding material for the CNTs during sintering at high temperature. 

In the first step, CNTs were impregnated with different loadings of metal/metal oxide (1, 

10 and 20 wt%) via a wet chemistry technique. Iron oxide, aluminum oxide and silver 

nanoparticles were impregnated on the surface of CNTs. Impregnated CNTs were then 

compacted at high pressure and sintered at high temperature to form a compact disc 

(membrane). The powder materials were characterized by scanning electron microscopy, 

energy-dispersive X-ray spectroscopy, X-ray diffraction and thermogravimetric analysis; 

while the membranes were characterized by measuring their porosity, contact angle, 

diametrical compression test and pure water permeate flux. The membranes were used 

for the removal of selected heavy metals from water in a continuous filtration system. 

The effect of solution pH, initial concentration, time and metal oxide loading were 
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studied on the removal of heavy metal from water. The permeate flux and rejection rate 

of sodium alginate (SA) were determined to predict the antifouling behavior of the 

membrane. The affinity of the membranes to biofouling was studied using Escherichia 

coli (E. coli). The produced membranes showed a high water permeate flux and exhibited 

a strong antibacterial property. These membranes showed excellent potential for the 

removal of heavy metals from water and exhibited strong antifouling behavior.  
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 االسم الكامل: احسان هللا

 

 الرسالة: اصطناع مبتكر ألغشية األنابيب النانوية الكربونية للتطبيقات في معالجة المياهعنوان 
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تعتبر أنابيب الكربون النانوية )CNTs( مادة متعددة االستعماالت وفريدة من نوعها بسبب الخواص الكهربائية 

 )CNTs( والحرارية والميكانيكية استثنائية الخاصة بهم. في هذه الدراسه قد تم استخدام األنابيب النانوية الكربونية

على نطاق واسع إلزالة مختلف الملوثات من المياه.وكان يستخدم نهجا جديدا لتجميع المعادن / اكسدة سطح المعدن – 

لالنابيب النانويه الكربونيه لالغشية ، بهدف االستفادة الكاملة من الخصائص الغير مالوفه من األنابيب النانوية 

الكربونية وأكاسيد المعادن / اكاسيد المعادن. ولم يستخدم الترابط  لتركيب الغشاء. بدال من ، المعادن/ شكلت جزيئات 

أكسيد المعادن كمادة ملزمة لتشارك لالنابيب النانويه الكربونيه لالغشية خالل التكلس في درجة حرارة عالية. في 

الخطوة األولى، كانت األنابيب النانوية الكربونية )CNTs( المخصبة بنسب مختلفة من المعادن / اكاسيد المعادن )1 

و 10 و 20٪ بالوزن( عبر تقنية الكيمياء الرطبة. شكلت أكسيد الحديد المخصبه، وأكسيد األلمنيوم والفضة النانوية 

على سطح األنابيب النانوية الكربونية. وبعد ذلك ضغط األنابيب النانوية الكربونية CNTs( المشبعة في ارتفاع 

الضغط والمتكلسه في درجة الحرارة العالية لتشكيل القرص المضغوط )غشاء(. تميزت مسحوق المواد من قبل 

المجهر اإللكتروني، انتشار للطاقة األشعة السينية التحليل الطيفي، حيود األشعة السينية والتحليل الوزني الحراري. 

في حين تميزت األغشية عن طريق قياس المسامية، وزاوية التماس، واختبار الضغط القطري ونقية تدفق تتخلل 

المياه. تم استخدام األغشية إلزالة المعادن الثقيلة المختارة من المياه في نظام الترشيح المستمر. تم دراسة تأثير الرقم 

الهايدروجينى )pH(، والتركيز األول, تمت دراسة الوقت وأكسيد معدن يوضع إلزالة المعادن الثقيلة من المياه. تم 

تحديد معدل تدفق ورفض )muidoS etadiglA( لحمايه الغشاء من الترسبات. وقد تمت دراسه الترسبات الحيويه 

 على االغشيه بواسطه ) i.outd(. وأظهرت األغشية إنتاج عالية التدفق تتخلل المياه وأظهرت خاصية قويه مضاد    

 للجراثيم. وأظهرت هذه األغشية إمكانيات ممتازة إلزالة المعادن الثقيلة من المياه وأظهرت سلوك قوى لمن الترسبات.
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1 CHAPTER 1 

INTRODUCTION 

Water is the life blood of the modern era as a result of the scarcity of resources, lack of 

rain and increase in the space of desert on green space. As per a report from the United 

Nations (UN), by 2025, 1800 million people will be facing absolute water scarcity, and 

two-thirds of the world population could be under stress conditions [1, 2]. Water 

reuse/recycle/ recovery have proven to be successful and effective in creating an alternate 

water supply.
  

1.1 Applications of Membranes in Water Treatment  

Membrane filtration is considered among the most promising and widely used processes 

for water treatment and desalination [1, 2]. Membranes are classified into different types 

based on their nominal size or molecular weight cut-off (MWCO) including 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). 

Microfiltration is employed for bacteria, protozoa and suspended solids removal, 

ultrafiltration for colloid and virus removal, nanofiltration for heavy metals, dissolved 

organic matter and hardness removal and reverse osmosis for ultrapure water production, 

water reuse and desalination [3]. 

Membranes can also be classified based on their configurations including hollow fiber, 

spiral, plate-and-frame and tubular. Membranes are manufactured from ceramic, 
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polymeric, or hybrid materials. The most common polymeric membranes are 

poly(sulfone), poly(amide), poly(propylene), poly(tetrafluoroethylene), cellulose acetate, 

and poly(vinylidene) fluoride. Most of the ceramic membranes are made of metal oxides 

including aluminium oxide (Al2O3); titanium oxide (TiO2); silica (SiO2); zeolites; 

microporous carbon; silicon carbide (SiC) and zirconia (ZrO2). Ceramic membranes are 

well suited for challenging water purification process due to their chemical and thermal 

stabilities. However, ceramic membranes are typically considered too expensive and are 

recommended only for small scale operations. Polymeric membranes, on the other hand, 

are dominating the current water desalination and purification market because of their 

excellent mechanical strength under pressure and high selectivity. However, in many 

wastewater applications, the current polymeric membranes are chemically unstable and 

less fouling-resistant than ceramic membranes [4].  

1.2 Carbon Nanotubes in Water Treatment 

Carbon nanotubes (CNTs) have been widely explored by scientists in several fields e.g. 

chemistry, physics and materials science owing to their unique properties such as high 

aspect ratio, low density, high chemical, thermal, and mechanical strength and 

remarkable electrical and optical properties. CNTs have been employed for the removal 

of various contaminants from aqueous solutions. Various experimental studies have 

reported the adsorption of heavy metal ions [6-13], small molecules like hydrogen and 

oxygen [14-15] and organic chemicals [17-19] on different CNTs (closed- or open-ended 

CNTs, single walled or multiwalled). 
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1.3 Carbon Nanotube Membranes 

CNTs have recently attracted considerable attention for the synthesis of novel membranes 

with attractive features for water purification [20-36]. CNTs can also be used as direct 

filters and effective fillers to improve the membrane performance.  CNTs have proven to 

be excellent filler in membrane due to improved antifouling behavior, disinfection, 

rejection and permeability.  The flux of certain molecules through CNTs, as estimated by 

molecular dynamics simulation have been found to be 3-4 orders of magnitude higher 

than predicted by the Hagen-Poiseuille equation [22-24]. 

In the literature, different approaches have been reported by researchers for the synthesis 

of CNT based membranes: 

1. Template-prepared carbon nanotube membranes, in which carbonaceous materials 

are deposited inside pre-existing ordered porous membranes, e.g anodized alumina 

[27-28, 37]. 

2. Aligned-array outer-wall CNT membranes in which the interstices between vertical 

array of CNTs serves as membrane [29, 37]. 

3. Composite membranes of aligned CNT/polymer or aligned CNT/ceramic [24, 26, 

37]. 

4. Buckypaper membranes [37-38]. 

5. Multistacked membranes composed of bundles of vertically aligned CNTs [37]. 

6. Mixed-matrix membranes, where CNTs are used as fillers in a polymer matrix [39-

44]. 
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Recently, the mixed-matrix membrane has been explored extensively due to ease of 

synthesis and broad applications. Different nanoparticles such as TiO2 [45-46], Al2O3 

[47–48], ZrO2 [49], SiO2 [50] have been used as a filler materials for the synthesis of 

mixed-matrix membranes with improved performance. Several studies have shown 

successful application of CNTs in polymer matrix [39-44]. Addition of CNTs has been 

reported to substantially increase the water flux due to hydrophilic surface and large 

surface pores of the membranes [40]. Moreover, the tensile strength and fouling 

resistance of the membranes were reported to increase with addition of CNTs. Several 

studies have been performed, in recent years, with the goal to enhance the fouling 

resistance of membrane by surface modification with CNTs [5, 51]. 

1.4 Significance of the Study 

The present work describes a novel approach to synthesize carbon nanotube membranes, 

comprised of CNTs and metal/metal oxide nanoparticles. CNTs impregnated with iron 

oxide, aluminum oxide and silver nanoparticles were used for the synthesis of the 

membranes. These CNTs based membranes were effective in removing a number of 

contaminants from water. They exhibited the potential advantage of coupling the 

adsorptive properties of CNTs and sieving properties of membrane structure. CNT-based 

membranes can be effectively employed in continuous filtration system for the removal 

of heavy metals from water. Furthermore, the antifouling behavior of these membranes 

made them suitable to treat water containing inorganic and organic foulants. The CNT-

Fe2O3 membranes showed excellent antifouling potential for sodium alginate removal, 

and CNT-Ag membranes were able to completely remove E-coli bacteria in a short time 
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from water. These membranes also showed excellent removal efficiency for heavy metals 

from water. 

1.5 Objectives of the Study 

The aim of the proposed work is to synthesize novel carbon nanotube membranes that are 

capable of efficiently removing different contaminants from water. The specific 

objectives are:  

1. To impregnate surface of the carbon nanotubes (CNTs) with different metal and metal 

oxides.  

2. To characterize the prepared materials by scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM),  X-ray 

diffraction (XRD) and thermogravimetric analysis (TGA). 

3. To design and fabricate an advanced carbon filtration system. 

4. To remove the different contaminants from water using the developed advanced 

carbon filtration system.  

5. To optimize the removal parameters in the water filtration system. 

1.6 Thesis Summary 

This section highlights the summary of each chapter in the thesis.  

Chapter 1 

Chapter 1 induces the introduction section of the thesis. It provides a brief summary of 

the carbon nanotubes applications in water treatment. The available techniques for the 

synthesis of carbon nanotube membrane are discussed briefly. It also highlights the 
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objectives and significance of the study. The summary of all the chapters is presented at 

the end of chapter 1. 

Chapter 2 

Chapter 2 presents a comprehensive review on the use of carbon nanotubes (CNTs) for 

the adsorptive removal of the heavy metals (lead, chromium, cadmium, arsenic, copper, 

zinc and nickel).  A review of the effect of a number of key variables including pH, 

CNTs dosage, time, ionic strength, temperature and surface charge is given.  It is 

demonstrated that surface modification (using acid treatment) enhances positively the 

adsorption capacity of CNTs towards cadmium, chromium, lead, mercury, copper, zinc 

and nickel as did the solution pH. CNTs have been proven to be an excellent adsorbent 

for the removal of different heavy metals from water.  However, most of the applications 

of CNTs are on lab scale in batch experiments. In spite of high costs, CNTs are expected 

to be a promising adsorbent in the future due to their high adsorption capacity compared 

to many traditional adsorbents. Effective techniques for regeneration/reuse of CNTs also 

need to be explored yet. One of the main hurdles that limit the applications of CNTs in 

large scale operation is the cost of CNTs. Future research work is recommended for the 

effective analysis of the toxicity of CNTs and developing an economical way for the 

production of CNTs. 

Chapter 3 

Chapter 3 provides a comprehensive overview of the different CNT membranes that have 

been reported by researchers so far. Different approaches for the synthesis of CNT 

membranes and the interaction between the CNTs is discussed. The last portion of the 
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chapter is focused on the mixed matrix membranes. The effect of different fillers on the 

membrane properties is also presented.  

Chapter 4 

Chapter 4 presents a novel approach to synthesize an iron oxide doped carbon nanotube 

(CNT) membrane, with the goal of fully utilizing the unique properties of CNTs. No 

binder was used for the synthesis of the membrane; instead, iron oxide particles served as 

a binding agent for holding the CNTs together after sintering at high temperature. The 

produced membrane exhibited a high water flux and strong fouling resistance. In the first 

step, CNTs were impregnated with various loadings of iron oxide (1, 10, 20, 30 and 50%) 

via wet chemistry techniques. Impregnated CNTs were then compacted at 200 MPa and 

sintered at 1350 °C for 5 h to form a compact disc. The membranes were analysed by 

measuring their porosity, contact angle, diametrical compression test and water flux. The 

flux of pure water was observed to increase with an increase in iron oxide content. The 

permeate flux and rejection rate of sodium alginate (SA) were determined to predict the 

antifouling behaviour of the membrane. A maximum removal of 90 and 88% of SA was 

achieved for membranes with a 10 and 1% iron oxide content, respectively, after 3 h. A 

minor decline in the permeate flux was observed for all membranes after 4 h of operation. 

Chapter 5 

Chapter 5 presents the synthesis and application of silver doped-CNT membrane. A novel 

approach was used to synthesize a silver doped-CNT membrane, with the aim of fully 

utilizing the antitoxic properties of CNTs and silver. No binder was used for the synthesis 

of the membrane; instead, silver particles served as a binding material for the CNTs after 

sintering at high temperature. In the first step, CNTs were impregnated with different 
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loadings of silver (1, 10 and 20 wt.%) via a wet chemistry technique. Impregnated CNTs 

were then compacted at 200 MPa and sintered at 800 °C for 3 h to form a compact disc 

(membrane). The powder materials were characterized by scanning electron microscopy, 

energy-dispersive X-ray spectroscopy, X-ray diffraction and thermogravimetric analysis; 

while the membranes were characterized by measuring their porosity, contact angle, 

diametrical compression test, pure water permeate flux and antibacterial properties. The 

affinity of the membranes to biofouling was studied using Escherichia coli (E. coli). The 

produced membrane showed a high water permeate flux and exhibited strong 

antibacterial properties. All of the membranes with different silver loadings were able to 

remove/kill 100% of the bacteria tested; however, the CNT membrane with 10% silver 

showed a superior performance to the others. All bacteria were removed/killed by the 

membrane with 10% silver loading after the suspension had passed for only 60 min. 

These membranes would be advantageous in a continuous filtration system for the 

removal of different contaminants from water via desalination, adsorption and sieving. 

Chapter 6 

Chapter 6 describes the applications of carbon nanotube membranes for the removal of 

hexavalent chromium from water in the continuous filtration system. Metal-oxide doped-

carbon nanotube membranes were synthesized using a novel approach and employed for 

the removal of hexavalent chromium from aqueous solution. The removal was affected 

by the metal oxide loading, initial solution concentration, pH and time. Maximum 

removal of 92% of Cr(VI) was observed at pH 6 and initial concentration of 0.5 ppm by 

membrane with 10% Fe2O3 loading after 3 hours of operation. Membrane with 10% 

Al2O3 was able to remove 79% of Cr(VI) ions under similar experimental conditions. 
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These results suggest that the CNT- metal oxide membrane can be employed effectively 

in continuous filtration system for the removal of Cr(VI) ions. 

Chapter 7 

Chapter 7 presents a brief summary of the outcome of this study. Recommendations for 

the future work are also included in this chapter. 
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Abstract 

The scarcity of water, especially in arid and semi-arid regions of the world is exerting 

great pressure on resources and establishing more need to provide good quality water for 

human and other consumptions. Water recovery/recycle/reuse has proven to be effective 

and successful in creating a new and reliable water supply. Accordingly, attention is 

being paid to the effective treatment of alternative sources of water (apart from fresh 

water) such as seawater, storm water, wastewater (e.g. treated sewage water), and 

industrial wastewater. In this review, the use of carbon nanotubes (CNTs), member of the 

fullerene structural family, is considered with special focus on the removal of heavy 

metals from water (lead, chromium, cadmium, arsenic, copper, zinc and nickel). A 

critical review into the adsorption behavior and use of the CNTs is given with attention 

being paid to the effects of surface modifications on the adsorption behavior and 

subsequent heavy metal removal. A review of the effect of a number of key variables 

including pH, CNTs dosage, time, ionic strength, temperature and surface charge are 

given.  It will be demonstrated that, surface modification enhances positively the 

adsorption capacity of CNTs towards cadmium, chromium, lead, mercury, copper, zinc, 

cobalt and nickel as did the solution pH. CNTs have been proven to an excellent 

adsorbent for the removal of different heavy metals from water.  However, most of the 

applications of CNTs are on lab scale in batch experiments. In spite of high costs, CNTs 

are expected to be a promising adsorbent in the future due to its high adsorption capacity 

compared to many traditional adsorbents. Researchers are also in quest of novel 

environment friendly techniques for the surface modification of CNTs to further improve 

their properties. Still, the feasibility of CNTs application in large scale treatment needs to 
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be further studied. Effective techniques for regeneration/reuse of CNTs also need to be 

explored yet. One of the main hurdles that limit the applications of CNTs in large scale 

operation is the cost of CNTs. Future research works on developing a cost-effective way 

of CNT production and testing the toxicity of CNTs and CNT-related materials are 

recommended. 

 

Keywords: Carbon nanotubes, heavy metals, adsorption, water treatment 
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2.1 Introduction 

Heavy metals in general have a density greater than 5 g per cubic centimeter and atomic 

weights between 63.5 and 200.6 [1-3]. The pollution of water due to release of heavy 

metals into ecosystem metals has been causing worldwide concern. The main sources of 

heavy metals are the wastewaters from modern chemical industries such as metal plating 

facilities, battery manufacturing, fertilizer, mining, paper and pesticides, metallurgical, 

mining, fossil fuel, tannery and production of different plastics such as polyvinyl 

chloride. The rapid industrialization during recent years has greatly contributed to heavy 

metals release in to environment [4]. Heavy metals tend to accumulate in living 

organisms as they are not biodegradable, unlike organic contaminants. Toxic heavy 

metals of particular concern, in treatment of industrial wastewaters include lead, 

chromium, cadmium, mercury, arsenic, nickel, copper and zinc.  

The toxic effects of heavy metals such as arsenic, cadmium, chromium, mercury, zinc 

and lead on human health have been investigated extensively. The possible symptoms of 

the toxic metals includes high blood pressure, speech disorders, fatigue, sleep disabilities, 

aggressive behavior, poor concentration, irritability, mood swings, depression, increased 

allergic reactions, autoimmune diseases, vascular occlusion, and memory loss [5]. Heavy 

metals can also disrupt the human cellular enzymes, which run on nutritional minerals 

such as magnesium, zinc, and selenium. Some of the toxic heavy metals that can be 

harmful to human body include cadmium, lead, arsenic and mercury. Though, our body 

needs some heavy metals such as manganese, iron, chromium, copper and zinc but still 

presence in large quantities of these metals may be extremely dangerous [5-7]. This paper 
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reviews the removal of selected metal ions (Lead, chromium, cadmium, arsenic, copper, 

zinc and nickel) from water using carbon nanotubes. 

Table 2-1 summarizes the allowable concentrations limits for the selected heavy metals, 

as reported by U.S. Environmental Agency (U.S. EPA) and World Health Organization 

(WHO) [8-9].  

  

Table 2-1: WHO and US EPA limitations of selected heavy metal in drinking water [6-7] 

Contaminant EPA limitations WHO  provisional 

guideline value 

(mg/L) 

Maximum 

contamination level 

(MCL) (mg/L) 

Maximum 

contamination limit 

goal (MCLG) (mg/L) 

Lead 0.015 0 0.01 

Chromium 0.1 0.1 0.05 

Cadmium 0.005 0.005 0.003 

Arsenic 0.010 0 0.01 

Mercury 0.002 0.002 0.006 

Copper 1.3 1.3 2 

Zinc 5 - 3 

Nickel - - 0.07 
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2.2 Heavy Metals in Water: Sources of Contaminations and their 

Toxic Effects 

2.2.1 Lead 

Lead is a non-biodegradable hazardous heavy metal that easily accumulates in human 

body. The major source of lead in human body is the drinking water, containing 

substantial amount of lead. Initially it can enter the body through the digestive tract and 

lungs and carried spread by blood throughout the body. Presence of large quantity of lead 

in drinking water will cause anaemia, cancer, renal kidney disease, nervous system 

damage and mental retardation [1-5].  

2.2.2 Chromium 

Chromium is a metal found in natural deposits as ores containing other elements such as 

ferric chromite (FeCr2O4), crocoite (PbCrO4), and chrome ochre (Cr2O3). Chromium is 

considered one of the earth crust’s most abundant elements and it is estimated to be the 

sixth most abundant transition metal [10]. It is a well-known highly toxic metal in 

drinking water. Chromium naturally found in different oxidation states ranging from 2+, 

3+ and 6+, with the trivalent Cr(III) and hexavalent Cr(VI) are the most stable forms in 

nature. Cr(III) is much less toxic than Cr(VI) and it is an essential element in human 

bodies [11]. In contrast, Cr(VI) is extremely toxic and found in various industrial waters 

and can cause severe diarrhea, vomiting, pulmonary congestions liver and kidney damage 

[12-14]. Chromium metal is used in textile industries, electroplating, leather tanning, 

metal finishing, and chromate preparation [15]. Therefore, the potential source of 
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chromium to drinking water contamination is industrial wastewater discharge to 

environment. The industrial sources include cooling tower blowdown, electroplating, 

metal plating and coating operations, etc. Cr(VI) is present mainly in the form of 

dichromate (Cr2O7
2−

) and chromate (CrO4
2−

) ions. Depending on solution pH, Cr(VI) can 

exists in water as dichromate (Cr2O7
2−

) ions, chromate ion (CrO4
2−

), hydrogen chromate 

ion (HCrO4
−
) and chromic acid (H2CrO4) [16].  

2.2.3 Cadmium 

Cadmium is a heavy metal found in natural deposits containing other elements. This 

element is highly toxic and considered as one of the major priority pollutant in drinking 

water. Cadmium was found to accumulate primarily in the kidneys and has a relatively 

long biological half-life in human bodies of 10 to 35 years [17-18]. As a drinking water 

pollutant, kidney is the main target organ for cadmium toxicity. 

Cadmium metal is mainly used in steel and plastics industries. Therefore, the potential 

sources of cadmium contamination in drinking water contamination are the industrial 

wastewater discharge to environment. Other industrial sources of cadmium contamination 

include cooling tower blow down, electroplating, metal plating and coating operations, 

etc. Cadmium is also used in nickel-cadmium batteries, in Cd-Te thin film solar cells and 

in pigments. One major source for non-industrial sourced cadmium contamination in 

drinking-water is impurities in the zinc of galvanized pipes and some metal fittings [19].  

2.2.4 Arsenic 

Arsenic present in the water originates from natural resources and human activity. They 

are released into the surface ground water by means of geological formation that happens 

in sedimentary rocks, geothermal water and from weathered volcanic rocks. Human 
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activities like mining, manufacturing, metallurgy, wood preservation and as pesticides 

also introduce arsenic into the water bodies [20].  

The National Arsenic Occurrence Survey investigated that more than 5 µg/L arsenic are 

present in 21 percent of the ground water and 10 percent of the surface water [21-22]. 

The reason that put concerns with arsenic in drinking water was that the majority of the 

population who has been exposed to arsenic in drinking water reported cases of cancer- 

based health concerns. High levels of arsenic contaminant have been found in Taiwan, 

India and West Bengal where they have been exposed to much higher levels than the 

maximum possible concentration of 10 µ/L [23]. Skin cancers; lung bladder and kidney 

cancers and other internal tumors; vascular diseases and diabetes are the diseases that are 

reported by population drinking arsenic contaminated water. There has been also reported 

case of infant mortality and weight loss of new born babies [24-26]. These cases are only 

a correlation in the study as the main mechanism of the toxicology levels of arsenic have 

not been studied thoroughly but for sure both the individual and the population has been 

susceptible to the poisonous effects of arsenic contaminant water [27-31].  

2.2.5 Mercury 

Mercury bioavailability and toxicity is dictated by its species which in turn influenced by 

the natural chemical and biological processes. Mercury may change between different 

states and species in its cycle, but its simplest form is elemental mercury which itself is 

harmful to humans and the environment. After liberation of mercury from mineral 

deposits, fossil fuel or ores, the possible sites of its accumulation are bottom sediments, 

water bodies and earth’s surface soils [32]. Being an element, mercury cannot be broken 

down or degraded into harmless substances. Once mercury has been liberated from either 



23 

 

ores or and hidden in the earth’s crust and released into the biosphere, it can be highly 

mobile, cycling between the earth’s surface and atmosphere. Although most mercury 

occurs in the inorganic form, methyl-mercury is the most toxic and readily bio-

accumulated form of mercury. The major targets are the nervous system upon short-term 

exposure; while kidneys upon long-term exposure. The potential toxic effects of mercury 

include damage to kidneys, reproductive systems, immune, hematologic, cardiovascular, 

respiratory system and brain [32]. Consequently more stringent regulatory controls have 

been imposed for mercury in many countries. The average mercury levels in urine and 

blood of human population are approximately 4 μg/L and 8 μg/L, respectively. However, 

this level may be high up to 200 μg/L in individuals whose diet consists of substantial 

amounts of fish [33]. 

2.2.6 Copper 

Copper has a number of applications in industrial and agricultural processes. Copper can 

be released into the environment from many sources. Drinking water can be a potential 

source for an intense copper exposition. Copper is highly toxic for drinking water, 

and mercury is the only metal more toxic than copper [34-37]. Although copper is 

important for animal metabolism. However, the excessive ingestion of copper brings 

about serious treats, such as increased blood pressure and respiratory rates damaged in 

kidney and liver, convulsions, cramps, vomiting, or even death [3, 38-39]. 

2.2.7 Zinc 

Zinc plays a vital role in regulating many biochemical processes and physiological 

functions of living tissue.  However, the presence of zinc in excess causes eminent health 

problems, such as stomach nausea, skin irritations, cramps, vomiting, and anemia [3].  
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The industrial sources of zinc include brass platting, wood pulp production, ground and 

newsprint paper production, steel works with galvanizing lines, zinc and brass metal 

works.  Waste concentrations of zinc range from less than 1 to more than 

48,000 mg. L
−1

 in various waste streams described in the literature. Zinc is released into 

environment from sediment remobilization or entrainment, agricultural activities, 

groundwater intrusion or from a combination of these sources [40]. 

2.2.8 Nickel 

Nickel is a non-biodegradable toxic heavy metal ion present in wastewater. The main 

source of nickel pollution in the water derives from a number of industrial production 

processes such as battery manufacturing, production of some alloys, zinc base casting, 

printing, electroplating and silver refineries [41-42].  The toxic effects of nickel include 

dry cough, bone nose, and lung cancer, cyanosis, rapid respiration, shortness of breath, 

tightness of the chest, chest pain, and nausea [41-42]. Table 2-2 provides summary of the 

possible sources, toxic effects and available treatment techniques for these metals. 
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Table 2-2: Sources of contaminations and potential toxic effects of some heavy metals 

Heavy 

metal 

Sources of 

contaminations 

Potential toxic effects Available treatment 

techniques 

References 

Lead i. Paint 

ii. Pesticides 

iii. Smoking 

iv. Automobile 

emissions 

v. Burning of coal 

vi. Mining 

i. Anaemia 

ii. Cancer 

iii. Renal kidney disease 

iv. Nervous system 

damage 

v. Mental retardation 

vi. Impaired intellectual 

ability and 

behavioral problems 

in children 

i. Reverse osmosis 

ii. Ion exchange 

iii. Membrane 

separation 

iv. Filtration 

v. Adsorption 

vi. Cementation 

vii. Chemical 

precipitation 

[1-5, 43-55] 

Chromium i. Industrial 

wastewater 

discharge to 

environment. 

ii. Cooling tower 

blowdown 

iii. Electroplating 

iv. Metal plating 

and coating 

operation 

i. Severe diarrhea 

ii. Vomiting 

iii. Pulmonary 

congestions liver and 

kidney damage 

i. Membrane 

technologies  

ii. Ion exchange  

iii. Coagulation 

iv. Floatation  

v. Solvent extraction  

vi. Cyanide 

treatment  

vii. Adsorption  

[10-16, 56] 

Cadmium i. Steel and plastics 

industries. 

ii. Cooling tower 

blow down 

iii. Electroplating, 

metal plating and 

coating 

operations, etc. 

iv. Nickel-cadmium 

batteries 

v. Cd-Te thin film 

solar cells and 

i. Damage to kidney 

ii. Cancers 

iii. Bronchiolitis, 

COPD, emphysema, 

fibrosis 

iv. Skeletal damage 

i. Coagulation 

ii. Ion-exchange 

iii. Precipitation 

iv. Softening, 

v. Membrane 

separation 

[17-19, 57-58] 
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pigments. 

vi. Zinc of 

galvanized pipes 

vii. Welding 

viii. Fertilizers 

ix. Nuclear emission 

plants 

Arsenic i. Pesticides 

ii. Fungicides 

iii. Sedimentary 

rocks, 

geothermal water 

and from 

weathered 

volcanic rocks 

iv. Human activities 

like mining, 

manufacturing, 

metallurgy and 

wood 

preservation 

 

i. Skin cancers 

ii. Lungs, bladder and 

kidney, cancer and 

other internal tumors 

iii. Vascular diseases 

and diabetes. 

iv. Infant mortality and 

weight loss of new 

born babies 

v. Hearing loss 

vi. Reproductive 

toxicity 

vii. Hematologic 

disorders 

viii. Neurological 

diseases 

ix. Developmental 

abnormalities and 

neurobehavioral 

disorders 

i. Coagulation 

ii. Lime softening 

iii. Iron-manganese 

removal 

iv. Ion exchange 

v. Activated 

alumina 

vi. Reverse osmosis 

vii. Micro or 

ultrafiltration 

[20-31, 59-63] 

 

Mercury i. Mineral deposits 

ii. Fossil fuel or 

ores 

iii. Pesticides 

iv. Batteries 

v. Paper industry 

i. Damage to kidneys 

ii. Reproductive 

systems 

iii. Immune, 

hematologic, 

cardiovascular, 

respiratory system 

and brain  

i. Precipitation/Co-

precipitation 

ii. Bioremediation 

iii. Adsorption 

iv. Ion exchange 

v. Membrane 

filtration 

[32-33, 64-66] 

 

Copper i. Pesticides 

industry 

i. Increased 

ii.  blood pressure and 

i. Ion exchange 

ii. Reverse osmosis 

[3, 34-39,  
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ii. Mining 

iii. Metal piping 

iv. Chemical 

industry 

respiratory rates 

iii. Damaged in kidney 

and liver 

iv. Convulsions, 

cramps, vomiting, or 

even death 

iii. Membrane 

technologies 

iv. Chemical 

precipitation 

v. Electrochemical 

treatment 

67-72] 

 

Zinc i. Brass platting 

ii. Wood pulp 

production 

iii. Ground and 

newsprint paper 

production 

iv. Steel works with 

galvanizing lines 

v. Zinc and brass 

metal works. 

vi. Refineries 

vii. Plumbing 

i. Stomach nausea 

ii. Skin irritations 

iii. Cramps 

iv. Vomiting and 

anemia 

i. Precipitation 

ii. Membrane 

processes 

iii. Ion exchange 

resins 

iv. Adsorption 

[3, 40] 

Nickel i. Battery 

manufacturing 

ii. Production of 

some alloys 

iii. Zinc base casting 

iv. Printing 

v. Electroplating 

vi. Silver refineries 

i. Dry cough 

ii. Bone nose, and lung 

cancer 

iii. Cyanosis, rapid 

respiration 

iv. Shortness of breath 

v. Tightness of the 

chest, chest pain 

vi. Nausea and vomiting 

vii. Dizziness 

i. Reduction and 

precipitation  

ii. Coagulation and 

flotation  

iii. Adsorption  

iv. Ion exchange 

v. Membrane 

technology 

vi. Electrolysis  

[41-42, 73-81] 
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2.3 Available Techniques for the Removal of Heavy Metals from 

Water 

A number of methods have been employed for the removal of heavy metals from water. 

The selection of a particular treatment method is mainly based on the economics and 

level of initial concentrations of the heavy metals. In water treatment processes, the 

heavy metals are usually removed during the chemical and physical treatment processes. 

This raw water could be seawater, brackish ground water, or surface water. 

The conventional methods that have been used to remove the metal ions include 

oxidation, reduction, bioremediation, reverse osmosis, electrochemical treatment, 

coagulation, lime softening, precipitation, membrane filtration, ion exchange and 

adsorption [3, 34-37, 67-72]. Table 2-3 summarizes the advantages and disadvantages of 

different techniques for heavy metals removal. All these methods have their own 

capabilities and limitations. For example, precipitation/co-precipitation has the 

disadvantage of hazardous waste production that needs to be treated. Membrane filtration 

is another treatment method but its cost and generation of larger volume of rejected 

residuals limits its applications. Ion exchange has high removal efficiency but 

regeneration of the resins cause serious secondary pollution. Electrodialysis has high 

separation selectivity but high operational cost due to energy consumption. 

Photocatalysis has the disadvantage of long duration. Coagulation and flocculation are 

undesirable because of increased sludge volume generation and flotation has the 

disadvantage of high initial, operation and maintenance cost. 
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Adsorption is proven to be economical and effective method for the removal of a number 

of contaminates from water [36-37,40-42].  Furthermore, the employed adsorbent can be 

regenerated by suitable desorption process [48, 82].  

Several adsorbents have been employed for the adsorption of metal ions such as activated 

carbon [7,15,17, 64-66, 73, 83], crab shell [84], fly ash [85-86], granular biomass [74], 

peat [87], modified chitosan [75], sewage sludge ash [88], peanut hulls [76], activated 

carbon cloths [77], zeolite [89], sugar beet pulp [78], biomaterials [19,90], kaolinite [79], 

olive stone waste [80] recycled alum sludge [91], manganese oxides [92], bagasse [81], 

and resins [93].  However, these adsorbents suffer from low adsorption capacities or 

removal efficiencies of metal ions. Therefore, researchers are in quest of exploring the 

new promising adsorbents.  

In recent years, CNTs have been employed extensively as a new adsorbent for the 

removal of a number of heavy metals from water. CNTs have been used to remove 

cadmium [17, 57-58], chromium [14-15, 101-102], lead [103-105], nickel [106-108], 

copper [109-111], mercury [112-113], arsenic [114-115], zinc [116-117] and cobalt [118-

120]. The results of these studies confirmed that CNTs are an excellent adsorbent for the 

removal of heavy metal from aqueous solutions.  
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Table 2-3: Advantages and disadvantages of the current techniques for heavy metals removal 

Method Advantages Disadvantages References 

Ion exchange i. High treatment capacity 

ii. High removal efficiency 

iii. Fast kinetics 

i. High cost due to 

synthetic resins 

ii. Regeneration of the 

resins cause serious 

secondary pollution 

[3, 94] 

Adsorption  

 

i. Easy operating conditions 

ii. High metal binding 

capacities 

iii. Having wide pH range 

iv. Low-cost  

i. Production of waste 

products 

ii. Low selectivity 

[2-3, 68, 95] 

Chemical 

precipitation 

i. Simple operation 

ii. Low capital cost 

i. Sludge generation 

ii. Extra operational 

iii. Cost for sludge disposal 

iv. Ineffective for treatment 

of water with low 

concentration of heavy 

metals 

[67, 96] 

 

Membrane filtration i. High separation selectivity 

ii. Small space requirement 

iii. Low pressure requirement 

i. High operational cost 

due to membrane 

fouling 

ii. Process complexity 

iii. Low permeate flux 

[35, 72, 96] 

Electrodialysis i. High separation selectivity i. High operational cost 

due to energy 

ii. Consumption and 

membrane fouling   

 

[2, 97] 

Photocatalysis i. Removal of metals and 

organic pollutant 

simultaneously 

ii. Less harmful by-products 

i. Limited applications 

ii. Long duration time 

[2, 98] 
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Coagulation and 

flocculation 

i. Remove the turbidly in 

addition to heavy metal 

removal 

ii. Produced sludge with good 

sludge settling and 

dewatering characteristics 

i. Increased sludge volume 

generation 

ii. Coagulation flocculation 

can’t treat the heavy 

metal wastewater and 

must be followed by 

other treatment 

techniques 

[3, 96, 99] 

Flotation i. High metal selectivity 

ii. High removal efficiency 

iii. High overflow rates 

iv. Low detention periods 

v. Low operating cost  

vi. Production of more 

concentrated sludge 

i. High initial capital cost 

ii. High maintenance and 

operation costs 

[3,96, 100]  

 

2.4 Carbon Nanotubes  

Carbon has the property to exist in many molecular forms, known as allotropes of carbon. 

These allotropes can be considered as different structural modifications of carbon 

element. Carbon nanotubes (CNTs) are composed of cylindrical graphite sheets 

(allotropic form of carbon) rolled up in a tube like structure [121]. Single-walled carbon 

nanotubes (SWCNTs) have cylindrical shape consisting of a single shell of graphene. On 

the other hand, multi-walled carbon nanotubes (MWCNTs) are composed of multiple 

layers of graphene sheets. Fig. 2-1 shows structure of (a) Multiwall carbon nanotubes 

(MWCNTs) and (b) Single walled carbon nanotubes (SWCNTs) [122], while Fig. 2-2 

represents different structure of SWCNTs based on rolling of graphene sheets. The 

structure of the nanotubes is based on the orientation of tube axis with respect to 

hexagonal lattice and can be specified through its chiral vector, represented by chiral 
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indices (n, m). The origin of armchair (n=m) and zigzag (n=0) nanotubes structure is 

from the geometric arrangements of carbon atoms at the seam of the cylinders. While 

nanotubes structure with two enantiomers with right and hand side halcity (n≠m) are 

chiral [123]. CNTs were discovered in 1991 by Sumio Iijima of NEC Laboratory in 

Tsukuba, Japan, using arc-discharge method and they were characterized by High-

Resolution Transmission Electron Microscope (HRTEM) [124]. Chemical bonding in 

nanotubes is composed entirely of sp
2
 bonds, which are stronger than the sp

3
 bonds found 

in alkanes and provide nanotubes a unique strength [125]. 

 

 

 

Figure 2-1: Structure representations of (a) MWCNTs (b) SWCNTs [117] (Reprint permission from American 

Chemical Society) 

 



33 

 

 

Figure 2-2: Roll-up of a graphene sheet leading to the three different types of CNTs [118] (Reprint permission 

from John Wiley and Sons) 

2.4.1 Carbon Nanotubes in Water Treatment  

CNTs have been widely employed for the removal of various contaminants from aqueous 

solutions due to their large surface area, light mass density, high porous and hallow 

structure, and strong interaction between the pollutant molecules and CNTs [101-

106,126-130]. 

Various experimental studies have reported the adsorption of heavy metal ions [57-58, 

101-120], small molecules [131-134], organic chemicals [135-139] and radionuclides 

[140-143] on different CNTs. Adsorption properties of CNTs depend on their purity, 

porosity, surface functional groups, surface area, site density and type of CNTs (open 

ended or closed ended). Possible sites for the adsorption of different contaminants (see 

Fig. 2-3) in CNT bundles [131,140-144] are (1) internal sites – the hollow interior of 

individual nanotubes. However, these sites can be accessed only by removing the caps 
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and unblocking the open ends; (2) interstitial channels (ICs) – the pathways between 

individual nanotubes in the bundles; (3) grooves – it includes the surface of the outermost 

nanotubes and grooves present on the periphery of a nanotube bundle and (4) outside 

surface – the curved surface of individual nanotube on the outside of the nanotube 

bundles. Numerous studies have been conducted to observe the adsorption process of 

adsorbate molecules on different sites [145-149]. Results of these studies confirmed that 

most of the adsorption takes place on the interstitial channels (ICs), outer surface sites 

and on the grooves [150-155]. 

In general, both ends of produced CNTs are closed initially. Therefore, the possible sites 

for initial adsorption are interstitial channels and grooves between adjacent tubes bundles, 

as observed for CH4 and Kr adsorption [146]. However, only the grooves are able to 

accommodate bigger molecules such as Xe, CF4 and SF6 [147]. In second stage, the 

adsorption proceeds on external walls followed by the accumulation of molecules on 

axial sites inside the nanotubes [156]. However, it has been observed that the time 

required for adsorption to reach equilibrium value is much smaller for external sites 

(outer surfaces and grooves) than the internal sites (inside the tube and interstitial 

channels) under the same conditions. This behavior is expected due to easy accessible 

and exposed external sites to the adsorbing material; and by considering the resistance to 

diffusion of adsorbents to the interior sites [157-158]. Adsorption process also depends 

on the number of open and unblocked nanotubes. It has been investigated that opening 

the ends of CNTs increases the number of adsorption sites, thus enhances the saturation 

capacity and kinetic rate [159-160].   
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Figure 2-3: Different adsorption sites on SWCNTs: (1) Internal, (2) Interstitial channel (ICs), (3) External 

groove site, and (4) External surface [149] (Reprint permission from American Chemical Society) 

 

2.4.2 Carbon Nanotubes Adsorbents 

In recent years, CNTs have been employed extensively as a new adsorbent for the 

removal of a number of heavy metals from water [161-184]. Table 2-4 shows the 

summary of various studies for the adsorption of different heavy metals using different 

types of carbon nanotubes.  It can be observed that in most of the studies, the maximum 

adsorption capacity is determined using Langmuir isotherm model. Furthermore, the 

adoption capacity of the acid modified CNTs is higher, almost in all studies, as compared 

to the raw CNTs. This might be due to electrostatic interaction between the negative 

charge on the CNTs surface after acid treatment and the divalent heavy metal ions. CNTs 

are also employed in combination with other nanoparticles with the aim to improve the 
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removal efficiency. Modified CNTs has shown excellent removal efficiency for the heavy 

metal ions. Table 2-4 also summarizes the interaction mechanisms between the heavy 

metals and CNTs for the individual processes. 

Fig. 2-4 represents summary of the research articles published in recent years that 

reported CNTs as an adsorbent for the removal of heavy metals from water. It can be 

observed that the research propagates gradually from 2002-2011. This might be due to 

considerable attention of researchers towards CNTs as a new adsorbent. The recent four 

years from 2012-2015 show a slight decline in number of papers. This may be attributed 

to exploration of the other potential applications of CNTs beside heavy metal adsorption.  

 

 

*These numbers are based on the publications cited in this review. 

Figure 2-4: The progress of CNTs applications for heavy metals removal from 2002-2015 
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Table 2-4:  The adsorption capacities of CNTs for some heavy metal ions adsorption 

Adsorbates Adsorbents Adsorption capacity, Q (mg/g) Conditions Interaction 

mechanism 

Model used References 

Calculated from 

model 

Experimental 

Pb(II) Acidified 

MWCNTs 

17.44 11.2 pH 5, Initial 

concentration =     

10 mg/L, 

adsorbent 

dosage=0.05 g 

Ion exchange Langmuir [47] 

Acidified 

MWCNTs 

N/A 30.32 pH 5, Initial 

concentration= 30 

mg/L, T= 298 K 

N/A Freundlich [48] 

Oxidized 

CNTs 

N/A 82.6 pH 5, 

Concentration 

=10 mg/L 

N/A Experimental [49] 

HNO3-

modified 

CNTs 

97.08 82 pH 5, Initial  

concentration =10 

mg/L, Room 

Temperature 

Ion exchange Langmuir [52] 

CNTs 102.04 37.594 pH 5, CNTs 

dosage =10 mg,  

contact time= 80 

min 

 Chemi-

sorption 

Langmuir [103] 

Acidified 

MWCNTs 

N/A 91 Initial 

concentration =50 

mg/L, T= 298 K 

Chemical 

adsorption 

Experimental [104] 

Nitrogen-

doped 

magnetic 

CNTs 

N/A 6.74 mmol/g pH 8 Chemical 

adsorption 

Experimental [116] 

Acidified 

MWCNTs 

49.71 85 pH 5, Initial 

concentration= 50 

mg/ L,T= 298 K 

Physical 

adsorption 

Langmuir [161] 

Magnetic-

function-

alized 

MWCNTs 

N/A  N/A pH 6, Initial 

concentration 

=100 mg/ L 

N/A Experimental [162] 

MnO2/CNTs 78.74 N/A pH 5, 

Concentration 

Electrostatic 

interaction, 

Langmuir [163] 
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=30 mg/L, T= 298 

K 

surface 

complex-

ation 

3-

mercaptoprop

yltriethoxysil

ane (MPTS) 

grafted 

MWCNTs/ 

Fe3O4 

65.40 42.12 pH 6.5, Initial 

concentration = 

50 mg/L, T= 25 ± 

0.2 
o
C 

Lewis acid–

base 

interactions 

Langmuir [164] 

Oxidized-

MWCNTs 

N/A 17 pH 7 N/A Experimental [165] 

Oxidized 

MWCNTs 

0.0211 mmol/g N/A pH  4.1 ± 0.1,   

Initial surfactant 

concentration = 

0.83 mmol/L, 

Adsorbent dosage 

= 0.75 g/L 

Electrostatic, 

hydrophobic, 

chemical , -

 interaction 

Langmuir [166] 

TiO2/ 

MWCNT 

composites  

137.0 4.63 pH 6, 

Concentration= 

10 mg/L 

N/A Langmuir [167] 

MWCNTs 33 4.86 pH 6, 

Concentration=10 

mg/L 

N/A Langmuir [167] 

MWCNTs 

grafted with 

2-

vinylpyridine 

(VP) 

37 N/A pH 6 Ion 

exchange, 

electrostatic 

Langmuir [168] 

MWCNTs 15.9 N/A pH 6 Ion 

exchange, 

electrostatic 

Langmuir [168] 

MWCNTs/ 

Fe3O4 

22.04 13.04 pH 5.3, Initial 

concentration =     

30 mg/L 

 

Electrostatic, 

hydrophobic,  

- 

interaction 

Langmuir [169] 

MWCNTs/ 

Fe3O4 

modified with 

3-

aminopropylt

75.02 37.64 pH 5.3, Initial 

concentration =     

30 mg/L 

Electrostatic, 

hydrophobic,  

- 

interaction 

Langmuir [169] 
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riethoxy-

silane 

(APTS) 

(MWCNTs/ 

Fe3O4-NH2) 

 

Oxidized 

CNTs  

117.65 101.05 pH 7, Initial 

concentration = 

1200 mg/L, T = 

298 K 

Chemical 

interactions 

Langmuir [170] 

 SWCNTs 33.55 N/A pH 5, Initial 

concentration = 

20 mg/L; contact 

time, 120 min, 

adsorbent dosage, 

50 mg/L, T = 298 

± 1 K 

Physisorption Langmuir [171] 

SWCNTs-

COOH 

96.02 N/A pH 5, Initial 

concentration = 

20 mg/L; contact 

time, 120 min, 

adsorbent dosage, 

50 mg/L, T = 298 

± 1 K 

Chemi-

sorption 

Langmuir [171] 

Oxidized 

MWCNTs 

N/A 2.96 pH 9, Initial 

concentration = 1-

20 mg/L, 

adsorbent dosage 

= 50 mg 

Electrostatic 

interactions 

Freundlich [172] 

Cr(VI) Oxidized 

MWCNTs 

4.2615 ±         0.

0607 

1.0064 ± 

0.0065 

pH 2.05, Initial 

concentration= 3 

mg/L, 

T = 20 ± 2 °C 

Surface 

complexation 

Langmuir [14] 

Raw 

MWCNTs 

3.115 

 

1.021 pH 3, Initial 

concentration=1 

mg/L, adsorbent 

dosage = 75 mg 

Electrostatic 

interactions 

Langmuir [15] 

Acid 

modified  

MWCNTs 

1.314 0.964 pH 3, Initial 

concentration=1 

mg/L, adsorbent 

dosage = 75 mg 

Electrostatic 

interactions 

Langmuir [15] 

Raw CNTs 26.88 20.56 pH 7.5, Initial 

concentration 

Ion exchange Langmuir [101] 
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=33.28 mg/L 

CNT-AC N/A 9 pH 2, Initial 

concentration 

=0.5 mg/L 

N/A Langmuir [173] 

Ceria 

nanoparticles 

supported on 

aligned 

carbon 

nanotubes 

(CeO2/ 

ACNTs) 

31.55 30.2 

 

pH 7, Initial 

concentration 

=35.3 mg/L 

Ion exchange Langmuir [174] 

Acid treated 

CNTs 

249 μmol/g N/A pH 7.8 Ion exchange Langmuir [175] 

Pristine 

CNTs 

16 μmol/g N/A pH 7.8 

 

Ion exchange Langmuir [175] 

MWCNTs 13.2 N/A pH  2.5–4.0, 

Initial 

concentration= 20 

mg/ L 

 

Electrostatic, 

cation-  

interaction, 

anion-  

interaction 

Langmuir [176] 

Ionic Liquid-

function-

alized oxi-

MWCNTs 

85.83 2.57 N/A Electrostatic, 

cation-  

interaction, 

anion-  

interaction 

Langmuir [176] 

Cr(III) Raw  

MWCNTs 

0.3853 0.3718 pH 7, Initial 

concentration = 1 

mg/L 

Electrostatic 

interactions 

Pseudo 

second order 

[11] 

Acid 

modified  

MWCNTs 

N/A 0.5 pH 7, Initial 

concentration = 1 

mg/L 

Electrostatic 

interactions 

Pseudo 

second order 

[11] 

Nitrogen-

doped 

magnetic 

CNTs 

83.752 mmol/g 12.28 mmol/g pH 8 Chemical 

adsorption 

Langmuir [116] 

Cd (II) Acid 

modified 

4.35 2.02 pH 7, adsorbent 

dosage =50 mg  

Electrostatic 

interactions 

Langmuir [17] 
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CNTs 

HNO3-

modified 

CNTs 

10.86 9.2 pH 5, Initial  

concentration =10 

mg/L, Room 

Temperature 

Ion exchange Langmuir [52] 

As-grown 

CNTs 

N/A 1.1 pH 5.5, Initial 

concentration= 4 

mg/L 

N/A Experimental [57] 

H2O2 

oxidized 

CNTs 

N/A 2.6 pH 5.5, Initial 

concentration= 4 

mg/L 

N/A Experimental [57] 

HNO3 

oxidized 

CNTs 

N/A 5.1 pH 5.5, Initial 

concentration= 4 

mg/L 

N/A Experimental [57] 

KMnO4 

oxidized 

CNTs 

N/A 11 pH 5.5, Initial 

concentration= 4 

mg/L 

N/A Experimental [57] 

Ethylenediam

ine-

functionalize

d MWCNTs 

25.70 21.23 Initial 

concentration= 5 

mg/L, T=45
o
C 

Physi-

sorption, 

Chemi-

sorption 

Langmuir [58] 

Oxidized 

CNTs 

24.15 22.32 Initial 

concentration= 5 

mg/L, T=45
o
C 

Chemi-

sorption 

Langmuir [58] 

Raw CNTs 3.19 1.29 Initial 

concentration= 5 

mg/L, T=45
o
C 

Physi-

sorption, 

Chemi-

sorption 

Langmuir [58] 

Magnetic-

functionalize

d MWCNTs 

N/A  N/A pH 6, Initial 

concentration 

=100 mg/ L 

N/A Experimental [162] 

Oxidized 

CNTs sheets 

92.59 75.84 pH 7, Initial 

concentration = 

1200 mg/L,         

T = 298 K 

Chemical 

interactions 

Langmuir [170] 

 SWCNTs 24.07 N/A pH 5, Initial 

concentration = 

20 mg/L; contact 

time, 120 min, 

adsorbent dosage, 

Physisorption Langmuir [171] 
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50 mg/L, T = 298 

± 1 K 

SWCNTs-

COOH 

55.89 N/A pH 5, Initial 

concentration = 

20 mg/L, contact 

time, 120 min, 

adsorbent 

dosage= 50 mg/L, 

T = 298 ± 1 K 

Chemi-

sorption 

Langmuir [171] 

Raw CNTs 1.661 0.657 pH 7, Initial 

concentration =   

1 mg/L,  CNT 

dosage = 50 mg 

Electrostatic 

interactions 

Langmuir [177] 

HNO3 

oxidized 

CNTs 

N/A 7.42 pH 8,  Initial 

concentration =1 

mg/L, Room 

Temperature 

Electrostatic 

interactions 

Experimental [178] 

Pristine 

MWCNTs 

0.05 mmol/g N/A pH 6.5-6.8, Initial 

concentration= 

0.05-1.8mM 

Electrostatic 

interactions 

Langmuir [179] 

O-MWCNTs 0.22 mmol/g N/A pH 6.5-6.8, Initial 

concentration= 

0.05-1.8mM 

Electrostatic 

interactions 

Langmuir [179] 

 Alumina-

decorated 

MWCNTs 

27.21 0.948 pH 7, Initial 

concentration =   

1 mg/L; adsorbent 

dosage= 50 mg/L 

Electrostatic 

interactions, 

Physical 

adsorption, 

surface 

precipitation, 

surface 

complexation

,van der 

Waals 

interactions 

Langmuir [183] 

As(III) Multiwall 

carbon 

nanotube-

zirconia 

nanohybrid 

(MWCNT-

ZrO2) 

2000 μg/g 98.6  μg/g pH 6, Initial 

concentration= 

100 μg/ L 

Chemi-

sorption/ 

physisorption  

Langmuir [61] 
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Fe-MCNTs 4  1.77 pH 8, Initial 

concentration =    

1 mg/L 

Electrostatic 

interactions 

Langmuir [114] 

Iron oxide 

coated 

multiwall 

carbon 

nanotubes 

1723 μg /g 97.09 μg /g pH 4, Initial 

concentration= 

100 μg/ L 

Electrostatic 

interactions/ 

complexation 

Langmuir [115] 

As(V) Multiwall 

carbon 

nanotube-

zirconia 

nanohybrid 

(MWCNT-

ZrO2) 

5000 μg/g 100.5 μg/g pH 6, Initial 

concentration= 

100 μg/ L 

Chemi-

sorption/ 

physisorption 

Langmuir [61] 

Iron oxide 

coated 

multiwall 

carbon 

nanotubes 

189 μg /g 103.4 μg /g pH 4, Initial 

concentration= 

100 μg/ L 

Electrostatic 

interactions/ 

complexation 

Langmuir [115] 

Fe(III) oxide 

coated 

ethylene- 

diamine 

modified 

MWCNTs 

23.47 0.997 pH 4, Initial 

concentration= 

100 μg/L 

Ion exchange Langmuir [180] 

Hg(II) MWCNTs 13.16 0.493 Initial 

concentration=    

1 mg/L 

N/A Langmuir [112] 

MWCNTs 93.45 N/A pH 6.5, Initial 

concentration=  

50 mg/L, 

adsorbent 

dosage= 90 mg  

N/A Langmuir [113] 

Nitrogen-

doped 

magnetic 

CNTs 

N/A 2.59  mmol/g pH 8 Chemical 

adsorption 

Langmuir [116] 

Phenolic 

hydroxyl 

functional 

group P-

32.4 28.22 pH 4.3, Initial 

concentration =4 

mg/L 

Electrostatic 

interactions/ 

complexation 

Langmuir [181] 
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MWCNT 

OH-MWCNT 120.1 89.42 pH= 4.3, Initial 

concentration =4 

mg/L 

Electrostatic 

interactions/ 

complexation 

Langmuir [181] 

Carboxylic 

functional 

group 

COOH-

MWCNT 

127.6 81.57 pH= 4.3, Initial 

concentration =4 

mg/L 

Electrostatic 

interactions/ 

complexation 

Langmuir [181] 

Ox-

MWCNTs 

3.83 N/A pH 7, Initial 

concentration= 

100 μg/ L 

Electrostatic 

interactions 

Langmuir [182] 

3-

mercaptoprop

yltriethoxysil

ane (MPTS) 

grafted 

MWCNTs/ 

Fe3O4 

65.52 63.65 pH 6.5, , Initial 

concentration= 50 

mg/L, T= 25 ± 0.2 
o
C 

Lewis acid–

base 

interactions 

Langmuir [164] 

Ox-

MWCNTs 

impregnated 

Chitosan 

beads 

183.2 181.8 pH 4, Initial 

concentration= 

1000 mg/L 

Electrostatic 

interactions 

Langmuir [185] 

Sulphur 

containing 

MWCNTs 

(S-

MWCNTs) 

72.8 µg/g N/A pH  12.15, Initial 

concentration= 

100 ppb 

Chemi-

sorption  

Freundlich [186] 

Amino and 

thiolated 

functionalize

d-MWCNTs 

84.66 83.33 pH 6, Initial 

concentration 

=100 mg/L, CNTs 

dosage= 60 mg, T 

=25 
o
C, Time = 

60 minutes 

Physisorption Langmuir [187] 

Thiol 

derivatized 

single wall 

carbon 

nanotubes 

131.58 74.2 pH 5, Initial 

concentration =40 

mg/L, Time = 1 h, 

Adsorbent dose 

(m/v) = 0.25 

mg/mL, T = 298 

Chemi-

sorption 

Langmuir [188] 
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K 

SWCNTs 40.16 N/A pH 5, Time = 1 h, 

Adsorbent dose 

(m/v) = 0.25 

mg/mL, T =     

298 K 

Electrostatic 

interactions 

Langmuir [188] 

MnO2-coated 

carbon 

nanotubes 

58.82 14.28 pH 5–7, Initial 

concentration =10 

mg/L, contact 

time =80 min, 

T=50 
o
C 

Electrostatic 

interactions 

Langmuir [189] 

MWCNTs 5.479 7.092 pH 6, Initial 

concertation=100-

500 mg/L 

Ion exchange Langmuir [190] 

Oxidized 

MWCNTs 

(MWCNT-

OX) 

27.32 27.77 pH 6, Initial 

concertation= 

100-500 mg/L 

Ion exchange Langmuir [190] 

Iodide 

incorporated 

MWCNT  

(CNT-I) 

123.45 100 pH 6, Initial 

concertation= 

100-500 mg/L 

Ion exchange Langmuir [190] 

Functionalize

d (sulfur 

incorporated 

MWCNT   

(CNT-S) 

151.51 100 pH 6, Initial 

concertation= 

100-500 mg/L 

Ion exchange Langmuir [190] 

Cu(II) HNO3-

modified 

CNTs 

28.49  

 

29 pH 5, Initial  

concentration = 

10 mg/L, Room 

Temperature 

Ion exchange Langmuir [52] 

CNTs 26.41 N/A pH 5, Copper 

equilibrium 

concentration = 

5 mg/L 

Surface 

complexation

/ ion 

exchange 

Langmuir [109] 

CNTs/ 

calcium 

alginate 

composites 

84.88 N/A pH 5, Copper 

equilibrium 

concentration = 

5 mg/L 

Surface 

complexation

/ ion 

exchange 

Langmuir [109] 
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Purified 

multi-walled 

carbon 

nanotubes (p-

MWCNTs) 

36.82 N/A pH 5, initial 

concentration = 

20 mg/L 

Physical 

adsorption 

D-R model [110] 

Sulfonated 

multi-walled 

carbon 

nanotubes (s-

MWCNTs) 

43.16 N/A pH 5, initial 

concentration = 

20 mg/L 

Electrostatic 

interactions 

D-R model [110] 

MWCNTs 3.19 × 10−
5
 

mol/g 

N/A pH 5, Initial 

concentration = 

2.36 × 10−
4
 mol/L, 

T = 303 K 

Electrostatic 

interaction, 

surface 

complexation

, surface 

precipitation 

Langmuir [111] 

MWCNTs 

impregnated 

with di-(2-

ethyl hexyl 

phosphoric 

acid) 

(D2EHPA) 

and tri-n-

octyl 

Phosphine 

oxide 

(TOPO) 

N/A 4.90 pH 5, Initial 

concentration= 

500 µg/L, 

adsorbent 

dosage= 500 mg  

Electrostatic 

interaction 

Experimental [117] 

Magnetic-

functionalize

d MWCNTs 

N/A  N/A pH 6, Initial 

concentration 

=100 mg/ L 

N/A Experimental [162] 

Oxidized 

CNTs sheets 

64.93 50.37 pH 7, Initial 

concentration = 

1200 mg/L, T = 

298 K 

Chemical 

interactions 

Langmuir [170] 

Single walled 

carbon 

nanotubes 

(SWCNTs) 

24.29 N/A pH 5, Initial 

concentration = 

20 mg/L; contact 

time, 120 min, 

adsorbent dosage, 

50 mg/L,             

T = 298 ± 1 K 

Physisorption Langmuir [171] 
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SWCNTs-

COOH 

77 N/A pH 5, Initial 

concentration = 

20 mg/L; contact 

time, 120 min, 

adsorbent dosage, 

50 mg/L,             

T = 298 ± 1 K 

Chemi-

sorption 

Langmuir [171] 

Oxidized 

MWCNTs 

N/A 3.49 pH 9, Initial 

concentration = 1-

20 mg/L, 

adsorbent dosage 

= 50 mg 

Electrostatic 

interactions 

Freundlich [172] 

As-produced 

CNTs 

8.25 N/A pH 6, T= 300 K Electrostatic 

interactions 

Langmuir [191] 

NaOCl-

modified 

CNTs 

47.39 N/A pH 6, T= 300 K Electrostatic 

interactions 

Langmuir [191] 

HNO3-

modified 

CNTs 

13.87 N/A pH 6, T= 300 K Electrostatic 

interactions 

Langmuir [191] 

MWCNTs in 

the presence 

of humic acid 

(HA) 

7.776 ± 0.538 N/A Initial 

concentration = 

20 mg/L, 

T= 293 K 

Electrostatic 

interactions 

Langmuir [192] 

MWCNTs/ 

Fe3O4 

38.91 19 pH 6, 

Concentration= 

30 mg L 

Electrostatic 

interactions 

Langmuir [193] 

Chitosan/poly 

(vinyl) 

alcohol thin 

adsorptive 

membranes 

modified 

amino 

functiona-

lized CNTs 

11.1 9.54 pH 5.5, Initial 

concentration= 30 

mg/L, T= 20 
o
C  

Ion exchange Langmuir [194] 

As-grown 

CNTs 

14.4 N/A pH 5.4, Cu
2+

 ion 

concentration=  

20 mg/L 

Precipitation Langmuir [195] 

Oxidized 

CNTs 

27.6 N/A pH 5.2, Cu
2+

 ion 

concentration=  

Electrostatic 

interaction 

Langmuir [195] 
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20 mg/L 

Zn (II) Nitrogen-

doped 

magnetic 

CNTs 

N/A 9.31  mmol/g pH 8 Chemical 

adsorption 

Langmuir [116] 

MWCNTs 

impregnated 

with di-(2-

ethyl hexyl 

phosphoric 

acid) 

(D2EHPA) 

and tri-n-

octyl 

phosphine 

oxide 

(TOPO) 

N/A 4.82 pH 5, Initial 

concentration= 

500 µg/L, 

adsorbent 

dosage= 500 mg 

Electrostatic 

interaction 

Experimental [117] 

Oxidized 

CNTs sheets 

74.63 58 pH 7, Initial 

concentration = 

1200 mg/L,         

T = 298 K 

Chemical 

interactions 

Langmuir [170] 

Pristine 

MWCNT 

0.14 mmol/g N/A pH 6.5-6.8, Initial 

concentration= 

0.08-3 mM 

Electrostatic 

interactions 

Langmuir [179] 

O-MWCNT 0.27 mmol/g N/A pH 6.5-6.8, Initial 

concentration= 

0.08-3 mM 

Electrostatic 

interactions 

Langmuir [179] 

SWCNTs 

(NaOCl) 

43.66 14.9 pH 7,  S/L: 

0.05/100, Initial 

concentration = 

10 mg/L, T= 25 
o
C  

Electrostatic 

interactions 

Langmuir [196] 

MWCNTs 

(NaOCl) 

32.68 13.75 pH 7,  S/L: 

0.05/100, Initial 

concentration = 

10 mg/L, T= 25 
o
C  

Electrostatic 

interactions 

Langmuir [196] 

SWCNTs 

purified with 

sodium 

hypochlorite 

46.94 16.18 Initial 

concentration= 60 

mg/L, T = 45 
o
C 

Electrostatic 

interactions 

Langmuir [197] 
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MWCNTs 

purified with 

sodium 

hypochlorite 

34.36 15.77 Initial 

concentration== 

60 mg/L,             

T = 45 
o
C 

Electrostatic 

interactions 

Langmuir [197] 

Multi-walled 

carbon 

nanotubes 

(MWCNTs) 

modified with 

chitosan 

N/A N/A PH 7, Dosage = 

200 mg, T= 298 

K, Flow rate=      

5 ml/min 

Electrostatic 

interactions 

N/A [198] 

Function-

alized carbon 

nanotubes 

1.05 2.42 pH 10,  Initial 

concentration = 

1.1 mg/L, dosage 

=  0.09 g, 

agitation speed= 

120 rpm, time 

=120 min 

Electrostatic 

interactions 

Langmuir [199] 

Ni (II) MWCNTs 6.346 × 10
−5

 

mol/g 

2.9036 pH 5.4, m/V = 0.8 

g/L,  T= 293 K 

Electrostatic 

interactions, 

- 

interaction 

Langmuir [41] 

Polyacrylic 

acid (PAA)- 

MWCNTs 

6.615 × 10
−6

 

mol/g 

N/A pH 5.4, m/V = 0.8 

g/L,  T= 293 K 

Electrostatic 

interactions, 

- 

interaction 

Langmuir [41] 

HNO3-treated 

MWCNTs 

17.86 12.500 pH 6.5, Initial 

concentration = 

20 mg/L, amount 

of adsorbent = 0.8 

g/L, T= 338 K 

Ion exchange Langmuir [42] 

MWCNTs/ 

Iron oxide 

9.18 N/A Initial 

concentration =6 

mg/L, m/V =0.75 

g/L 

Ion exchange Langmuir [106] 

MWCNTs 18.083 N/A pH 6, m/V =0.2 

g/L 

Electrostatic 

interaction 

Langmuir [108] 

Oxidized 

CNTs 

49.261 N/A pH 6, m/V =0.2 

g/L 

Electrostatic 

interaction 

Langmuir [108] 

Nitrogen-

doped 

magnetic 

N/A 8.06  mmol/g pH 8 Chemical 

adsorption 

Langmuir [116] 
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CNTs 

MWCNTs 

impregnated 

with di-(2-

ethyl hexyl 

phosphoric 

acid) 

(D2EHPA) 

and tri-n-

octyl 

phosphine 

oxide 

(TOPO) 

N/A 4.78 pH 5, Initial 

concentration= 

500 µg/L, 

adsorbent 

dosage= 500 mg 

Electrostatic 

interaction 

Experimental [117] 

Oxidized 

CNTs 

9.80 8.75 pH 6.55 ±0.02, 

Initial 

concentration= 20 

mg/L, T= 333 K 

Electrostatic 

interaction 

Langmuir [126] 

HNO3 

oxidized 

CNTs 

N/A 6.89 pH 8,  Initial 

concentration =1 

mg/L, Room 

Temperature 

Electrostatic 

interactions 

Experimental [178] 

NaClO-

modified 

MWCNTs 

38.46 N/A pH 7.0, Initial 

concentration= 

10–80 mg/L, 

T=298 K 

Electrostatic 

interaction 

Langmuir [200- 201] 

NaClO-

modified 

SWCNTs 

47.86 N/A pH 7.0, Initial 

concentration= 

10–80 mg/L, 

T=298 K 

Electrostatic 

interaction 

Langmuir [200- 201] 

Co (II) MWCNTS/ 

Iron oxide  

0.18 mmol/g 2.88 pH 6.4±0.1, Initial 

concentration = 

4.2 mg/L, m/V = 

0.5 g/L, T = 20±1 
o
C 

Ion 

exchange, 

surface 

complexation 

Langmuir [118] 

Raw 

MWCNTs 

3.40 x10
-5

 mol/g N/A pH = 6.8 ± 0.1, 

m/V = 1.0 g/L, 

Initial 

concentration =  

1.69 x10
-4

 mol/L, 

T = 303.15 K 

Surface 

complexation 

Langmuir [119] 

Poly(acrylic 

acid) grafted / 

MWCNTs 

1.66x10
-4

 mol/g N/A pH = 6.8 ± 0.1, 

m/V = 1.0 g/L, 

Initial 

concentration =  

1.69 x10
-4

 mol/L, 

Surface 

complexation 

Langmuir [119] 
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T = 343.15 K 

Oxidized 

CNTs sheets 

85.74 69.63 pH 7, Initial 

concentration = 

1200 mg/L, T = 

298 K 

Chemical 

interactions 

Langmuir [170] 

 Oxidized 

MWCNTs 

N/A 2.60 pH 9, Initial 

concentration = 1-

20 mg/L, 

adsorbent dosage 

= 50 mg 

Electrostatic 

interactions 

Freundlich [172] 

 MWCNTs–

hydroxyl-

apatite 

3.55×10−
4
 mol/g N/A pH 6, T=293 K Surface 

complexation 

Langmuir [184] 

 

 

2.5 Surface Modification of CNTs 

Surface modifications have proven to enhance the adsorption capacity and selectivity of 

CNTs towards the heavy metals. A number of surface modification techniques of CNTs 

have been reported in the literature such as acid treatment [3, 15, 17, 120, 129], 

impregnation with metal/metal oxides [53, 114-115, 163-164] and grafting the functional 

molecules/groups [105, 119, 168, 202-203]. Surface modifications of CNTs alter the 

properties of CNTs surface such as surface area, surface charge, hydrophobicity/ 

hydrophilicity and dispersion.  

Acid modification can be achieved by chemical treatment of CNTs with various acids 

including HNO3, KMnO4, H2O2, H2SO4, NaOCl and HCl [3, 82, 120, 129]. Acid 

modification introduces different functional groups onto the CNTs surface that enhance 

the removal of heavy metals by different mechanisms, especially electrostatics 

interactions. Acid modifications also helped in removing impurities from the raw CNTs 
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surface and open the tips of the tubes. Characteristics of the modified CNTs are 

dependent on the properties of raw CNTs, method of modification and type of acid used 

[82]. Microwave-excited surface-wave plasma treatment also introduces oxygen-

containing groups onto CNTs surface [204]. Fig. 2-5 represents schematic of the acid 

modification of CNTs, followed by divalent heavy metals adsorption on the surface of 

modified CNTs. 

 

Figure 2-5: Schematic diagram of the major mechanism for sorption of divalent metal ions onto CNTs surface 

[82] (Reprint permission from Elsevier) 

 

Grafting functional groups or molecules is another way to improve the surface 

characteristics of the CNTs. Numerous studies reported the removal of heavy metals from 

aqueous solution using the CNTs grafted with different functional groups [119,164, 168, 

202-203]. A number of methods were employed in recent years to graft different function 

groups on the surface of CNTs including plasma technique, microwave and chemical 

modifications. However, plasma technique has the advantage of less energy requirement 
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and environment friendly process [119].  Fig. 2-6 shows schematic of typical grafting of 

CNTs surface and subsequent metal ions adsorption [107].  

Modification of CNTs by metal oxide is a useful technique to improve the characteristics 

of the CNTs. CNTs modified with MnO2 [163, 189], iron oxide [114-115, 193] and Al2O3 

[53, 183] showed promising results for the removal of different heavy metals from 

aqueous solution. Fig. 7 shows schematic of modification of CNTs with alumina and 

possible interaction mechanisms of cadmium ions with the CNTs surface [183].  

 

 

Figure 2-6: Schematic of grafting of CNTs and metals adsorption [107] (Reprint permission from Elsevier) 
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2.6 Sorption Mechanisms 

Although the sorption mechanisms of metal ions onto CNTs are complex, however, the 

most dominant mechanisms reported in the literature are physical adsorption, chemical 

interaction, electrostatic attraction and sorption–precipitation [120, 129]. 

For CNTs with the surface functional groups, the chemical interaction between the CNTs 

and the metal ions is the most obvious mechanism [205]. Fig. 2-5 represents the 

attachment of divalent metal ions to the acid modified CNTs surface. Metal ions are 

sorbed on the CNTs surface and release the H
+
 from the surface. This leads to decrease in 

solution pH. This process is strongly influenced by the initial metal ion concentration. 

With increase in initial concentration of metal ions, more ions are sorbed on the CNTs 

surface and the drop in pH value is increased. This is due to release of more H
+
 ions from 

the surface site of CNTs into the solution. 

Some researchers have found the take up of metal ions by the combined effect of 

electrostatic attraction and sorption–precipitation [52, 183]. Fig. 2-7 demonstrated the 

possible interaction mechanisms of cadmium ions adsorption on CNT/ Al2O3 surface. 

Cadmium ions are adsorbed on the surface of the modified CNTs via physical 

interactions, electrostatic interactions and van der Waals interactions occurring between 

the Cd(II) ions and hexagonally arrayed carbon atoms in the graphite sheet [183]. The 

role of solution pH is also critical in sorption of metal ions onto CNTs surface. At higher 

pH, more Zn
2+ 

ions were adsorbed onto pure CNTs surface. This might be due to 

electrostatic interaction between the CNTs surface and divalent Zn
2+

 ions [196]. 

Generally, the raw CNTs have very low adsorption capacity for most of the heavy metals. 

However, the acid treatment of CNTs was observed to have significant effect on the 
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sorption capacity of CNTs. Oxidation of CNTs by KMnO4, HNO3 or NaClO was 

observed to increase the adsorption capacity of the CNTs. The oxygenous functional 

groups on the acid treated CNTs surface play a vital role in the adsorption of heavy 

metals. Various researchers have demonstrated that the acid modified CNTs have higher 

removal efficiency for heavy metals than raw CNTs [3, 15, 17, 120, 129]. Some 

researchers also showed that raw CNTs have higher adsorption for heavy metals than 

modified CNTs at certain concentration levels [104,206]. Beside acid modification, 

CNTs modified with other functional groups and metal oxides are also reported in 

literature.  

The adsorption mechanism of different metal ions on CNTs is not the same and the 

affinity order of metals ions towards CNTs is different. Stafiej and Pyrzynska [172], 

reported that the affinity order of the certain metal ions towards CNTs is Mn
2+ 

< Zn
2+

 < 

Co
2+ 

< Pb
2+

 < Cu
2+

 at pH 9. In two other studies, the following affinity orders were 

reported: Pb
2+

 > Cd
2+

 > Co
2+

 > Zn
2+

 > Cu
2+

 [170] and Cd
2+ 

< Cu
2+

 < Zn
2+

 < Ni
2+ 

< Pb
2+

 

[82]. These results suggested that the adsorption of heavy metals on CNTs depends 

mainly on the properties of CNTs. 
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Figure 2-7: Schematic of the possible mechanism of cadmium ion adsorption on CNT/Al2O3 surface [183] 

(Reprint permission from Elsevier) 

 

2.7 Factors Affecting the Adsorption of Heavy Metal Ions on CNTs 

The main factors affecting adsorption of heavy metal ions on CNTs surface include the 

initial metal ion concentration, pH, contact time, CNT dosage, agitation speed, 

temperature, surface charge, ionic strength, isoelectric point and foreign ions. 

2.7.1 Effect of pH 

Solution pH plays a vital role in the adsorption of heavy metal ions onto the CNTs 

surface. At pH value higher than point of zero charge (pHPZC), the adsorption of cations is 

higher due to electrostatic interactions between the cation ions and negative surface 

charge. On the other hand, the adsorption of cation ions is lower at low pH due to 

neutralization of surface charge. A change in pH also affects the competing complexation 

reactions and metal ion species. Hence, the adsorption capacity of CNTs is affected by 

change in pH of the solution [3-4, 82, 129]. The maximum removal of Cu
2+

, Pb
2+

, Cd
2+

, 
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Hg
2+

, Co
2+

, Zn
2+

 Cr
6+

 and Ni
2+

 by CNTs was observed at pH 5 [111], pH 5 [103], pH 

7[177], pH 6.5 [113], pH 6.8 [119], pH 7 [196], pH 3 [15], pH 5.4 [41], respectively. 

The species of heavy metal ions and properties of CNTs also have great influence on the 

adsorption of heavy metal ions onto CNTs. The pHPZC of raw CNTs is in the range of pH 

4–6 [172,205]. However, the acid treatment of CNTs was reported to have lower value of 

pHPZC than those of raw CNTs [172,193,206-208]. Generally, the state of divalent metal 

ions in solution depends on the pH, however, the most common species include M
2+

, 

M(OH)
 +

, M(OH)2
0
, M(OH)

3−
 [41,126, 129, 208]. The release of H

+ 
ions by CNTs in 

solution can be shown by the reactions [129]. 

 

                CNT–OH + H
+
↔ CNT–OH

2+
     (1) 

                 CNT–OH ↔ H+ + CNT–O
−        

(2) 

 

The adsorption mechanism of divalent metal ions onto CNTs is shown below. 

 

CNT–OH
2+

 + M
2+

↔ [CNT–OHM
2+

]
2+

+ H
+
    (3) 

CNT–O
−
 + M(OH)n

2−n 
↔ [CNT–O−M(OH)n

2−n
]
1−n 

   (4)
 

 

At lower pH value (less than pHPZC), M
2+

 is normally the dominant species in solution. 

Also the CNTs surface has a positive charge at pH value lower than pHPZC. So the heavy 

metals ions are adsorbed on the surface due to competition between the M
2+

 and H
+
 ions 

in the solution. However, at pH value higher than pHPZC, the dominant divalent metal 

ions species in the solution is M(OH)n
2−n

. Also CNTs surface carry a negative charge at 

this pH value and the adoption is attributed to electrostatic interaction between the 
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divalent metal ions and CNTs surface. It is important to note that precipitation might take 

place at higher pH that also affects the removal of heavy metal ions [107].  

Fig. 2-8 shows the distribution of lead species in the solution at different pH, while Fig. 

2-9 shows the adsorption capacity (%) of lead ions at different pH. The adsorption of lead 

is low at pH < 6.  This is due to the fact that the predominant lead specie is Pb
2+ 

at this pH 

and there is a competition between H
+
 and Pb

2+
 ions to occupy the limited adsorption site. 

However, in the range of pH 7–10, the dominant lead species in the solution are 

Pb(OH)2
0
  and Pb(OH)

+
. Therefore it is believed that beside Pb(OH)

+
 ions sorption on the 

surface, some precipitation of Pb(OH)
0

2 will also occur. Therefore, the removal is almost 

constant in this range due to the combined effect of these two opposing phenomena. At 

pH value above 10, the dominant species are Pb(OH)
3–

 and Pb(OH)
0

2. The lower 

adsorption at this pH might be due to competition Pb(OH)
3– 

and OH- ions and repulsion 

between the negative charge surface of CNTs and metal species at higher pH [209]. 

 

Figure 2-8: Distribution of Pb(II) species as a function of pH based on the equilibrium constants. [195] (Reprint 

permission from Elsevier) 
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Figure 2-9: Distribution of Pb(II) species as a function of pH based on the equilibrium constants [195] (Reprint 

permission from Elsevier) 

 

2.7.2 Effect of Ionic Strength  

Ionic strength of heavy metal ions in the solution has influence on the adsorption of 

heavy metals onto CNTs surface. Generally, increasing the ionic strength has an adverse 

effect on the sorption of heavy metals. Fig. 2-10 shows the effect of ionic strength on the 

adsorption of heavy metal ions onto CNTs [52, 205]. 

The sorption of Ni
2+

, Cd
2+

, Cu
2+

 and Pb
2+ 

were observed to decrease with increase in 

ionic strength [52, 168, 171, 200]. This decrease in adsorption can be justified on the 

basis of two facts. Firstly, the ionic strength affects the activity coefficients of metal ions 

and hence the transfer of ions to CNTs surface is limited. Secondly, the formation of 

electrical double layer complexes between the cations and the CNTs limit the adsorption 

at high concentration of ions [52]. A similar behavior of decrease in Ni
2+

 sorption with 

increase in ionic strength of the solution is reported by Lu and Liu [205]. 
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(a) 

 

 (b) 

Figure 2-10: Effect of ionic strength on the competitive adsorption isotherms of (a) Pb2+, Cu2+ and Cd2+ ions onto 

CNTs (b) Ni2+ sorption by oxidized CNTs [52, 205] (Reprint permission from Elsevier and John Wiley and Sons) 
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The adsorption of heavy metal ions is also affected by the competition of various metal 

ions to occupy the limited adsorption sites. At high metal ions concentration, the removal 

efficiency of CNTs is reduced. Competitive adsorption capacities of Cd
2+

, Cu
2+

 and Pb
2+

 

was observed to decrease with increase in metal ion concentration (Fig. 2-10). However, 

increase in pH and CNTs dosage has a positive effect on the adsorption capacity [52, 

129]. 

2.7.3 Effect of CNTs Dosage 

The dosage of CNTs also affects the adsorption of heavy metals. Increase in CNTs 

dosage can either increase or decrease the sorption of heavy metals. The sorption of Ni
2+

, 

Cd
2+

, Cu
2+

 and Pb
2+

 is reported to increase with increase in the CNTs dosage [17, 52, 

82,120]. This can be justified due to the availability of more sorption sites at higher 

CNTs dosage [82,120]. However, some studies reported a decrease in the sorption of Ni
2+

 

and Co
2+

 with increase in CNTs dosage. Fig. 2-11 shows effect of the CNTs dosage on 

the percentage removal of Cd
+2

 ions. An increase in the Cd
+2

 ions removal was observed 

with increase in the adsorbent dosage for all types of CNTs [57]. This is due to the 

availability of more adsorption sites at higher CNTs dosage. It can also be observed that 

the acid modified CNTs have higher removal efficiency than raw CNTs. This might be 

due to improved electrostatic interaction between positive metal ions and negatively 

charged CNTs surface. 
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Figure 2-11: Effect of adsorbent dose on Cd (II) ion removal capacity [57] (Reprint permission from Elsevier) 

 

2.7.4 Effect of Contact Time 

The contact time also has considerable effect on the adsorption of metal ions onto CNTs. 

Generally, with increase in contact time, the removal percentage of heavy metals 

increases until equilibrium is established. However, equilibrium is dependent strongly on 

the initial concentration of metal ions. Most of the studies confirmed that equilibrium 

established quickly, when the metal concentration is low. The sorption of Ni
2+

 takes 2 

hours to reach equilibrium at initial concentration of 60 mg/L. However, with initial 

concentration of 10 mg/L, the equilibrium is established in one hour only [3, 82, 120]. 

Similarly, the equilibrium time required for Pb
2+

 sorption is 60, 50 and 20 min for the 

initial concentration of 30, 20 and 10 mg/L, respectively [48]. However, some studied 

suggested that adsorption is independent of metal ions concentrations. Fig. 2-12 shows 
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the effect of contact time on the adsorption of Pb
2+

 and Zn
2+

 ions by different types of 

MWCNTs [167,197].  
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(a) 

 

(b) 

Figure 2-12: Effect of time on the adsorption of (a) Pb(II) on MWCNTs and TiO2/MWCNTs (b) Zn (II) on 

SWCNTs and MWCNTs [167, 197] Reprint permission from American Chemical Society) 
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2.7.5 Effect of Temperature 

The effect of temperature on the sorption of heavy metal is reported in various studies. 

The most common observation is the increase in sorption capacity with rise in 

temperature. For example, sorption of Pb
2+

 and Zn
2+ 

and is endothermic process and 

increases with rise in temperature [47-48,196]. This might be due to faster diffusion of 

metal ions through the solution due to decrease in solution viscosity at high temperature. 

Fig. 2-13 shows a similar temperature effect on the removal of Zn
2+

 by CNTs:  (a) 

SWCNT and (b) MWCNT [197]. 

Activation energy of sorption (Ea) is also an index of the adsorption rate of heavy metals. 

The lower Ea value represents the higher sorption rate. The value of Ea also depends on 

the initial concentration of metal ions and type of CNTs. The value of Ea is higher at low 

initial concentration of metal ions. This might be due to low driving force for diffusion at 

low initial concentration. Also Ea value for MWCNTs is higher than SWCNTs due to 

more resistance to diffusion offered by multiple walls of MWCNTs [197]. 

2.7.6 Thermodynamic Parameters 

The thermodynamic parameters reveal important information about the sorption of heavy 

metal ions onto the CNTs surface. The values of enthalpy (ΔH°), entropy (ΔS°) and 

Gibbs energy (ΔG°) can be used to predict nature of the adsorption. Based on the 

calculated enthalpy values, the adsorption of Cd
2+

, Cu
2+

 and Pb
2+

 ions was reported to 

physical process for SWCNTs and chemical process for SWCNTs-COOH , respectively 

[171]. The sorption of Pb
2+

, Ni
2+

, Cd
2+

, Cu
2+

 and Zn
2+ 

by different types of CNTs is 

endothermic in nature, as suggested by the positive enthalpy value [48,127,171,197]. The 

positive entropy value indicated the increase in randomness at the solid/liquid interface. 
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This might be due to ion exchange process between the CNTs surface functional groups 

and heavy metal ions [127,197]. The sorption of Ni
2+

, Zn
2+ 

and Pb
2+ 

is also believed to be 

spontaneous due to negative free energy value [48, 120]. 
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Figure 2-13: Effect of temperature on the sorption rate of Zn2+ by (a) SWCNT and (b) MWCNT [185] (Reprint 

permission from American Chemical Society) 
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2.8 Regeneration of CNTs 

Regeneration of the adsorbent is not only necessary for the repeated use in practical 

applications but also highlight the economical aspect of the adsorbent. Regeneration of 

the CNTs is strongly dependent on the pH value of the regeneration solution. Studies 

have confirmed that CNTs can be regenerated by desorption of heavy metals ions from 

the CNTs surface. Regeneration of Zn
2+ 

and Pb
2+

at lower pH value is much higher than at 

higher pH [161, 197]. Beside pH, chemical treatment of the adsorbent may also desorb 

the deposited ions and regenerate the adsorbent. The MWCNTs were effectively 

regenerated by desorption of Ni
2+

, Mn
2+ 

and Cd
2+

 ions by treatment with HNO3.  

 

Fig. 2-14 shows the desorption of Zn
2+

 and Pb
2+

 from CNTs by adjusting the pH values 

of the solution [161,197]. It was observed that desorption of both the ions increases by 

decreasing the pH of the solution. The desorption of lead ions reaches from 0 to 100% 

quickly, when the pH was reduced from 5.4 to 2. The desorption value is very low at 

higher pH (>5), However, at lower pH (< 2.5), the desorption value is significantly 

increased [129, 161,197]. The results indicated that CNTs has potential to be reused in a 

number of treatment cycle and can make its place in cost effective adsorbent in future. 

More efforts are required to study the feasibility of the regeneration and reuse of CNTs 

[210]. 
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(a) 

 

Figure 2-14: Desorption of (a) Zn2+ (b) Pb2+ from CNTs at different pH values of the solution [161,197] (Reprint 

permission from American Chemical Society and Elsevier) 
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2.9 Isotherm Equation 

The adsorption data can be modeled using different equations including pseudo second 

order rate equation, Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm 

models. The sorption of metal ions onto CNTs is commonly correlated with the Langmuir 

or the Freundlich equations [48, 52, 61, 82, 111-115]. The Langmuir equation applicable 

to the sorption process on homogenous surfaces. However, the Freundlich equation is 

valid for sorption on the heterogeneous surface. Studies have shown that both the 

Langmuir and Freundlich equations represent the adsorption of different heavy metal ions 

onto CNTs [47,208]. In most cases, one model can best describe the adsorption process. 

Lead adsorption onto pure and modified CNTs can be best described by Langmuir 

equation [52, 61, 82, 111-115]. However, in some cases, the adsorption process can be 

well correlated by the Freundlich equation [48].  Some researchers employed other 

models to represent the adsorption of heavy metals onto CNTs. The adsorption of copper 

ions onto purified multi-walled carbon nanotubes (p-MWCNTs) and sulfonated multi-

walled carbon nanotubes (s-MWCNTs) can best be described by D-R model [110].  

2.10 Carbon Nanotube Toxicity  

CNTs have emerged at the forefront of nanotechnology research and advancement.  

However, there has been a great concern on the potential environmental impacts of 

CNTs. Release of CNTs into the environment can lead to serious environmental 

problems. For instance, the nano sized carbon particles pose an occupational inhalation 

exposure hazard if entered in the working environment as suspended particulate matter 

(PM) [211]. Likewise, in water treatment plant, there is a risk that the CNTs might leach 
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after certain cycles and can harm the treatment plant. CNTs, not only, can disrupt the 

metabolic functions of microbes in the treatment plant but can also affect the aquatic life 

if enters to the environment [212]. CNTs have been observed to induce lung cellular 

proliferation and pulmonary inflammation in rats [211]. 

These biopersistence is a potential threat to the use of CNTs in water treatment plants. 

However, the toxicity of CNTs depends upon the type of CNTs, dimensions, presence of 

impurities, synthesis technique and physical state (i.e dispersed or agglomerated). In 

general, the agglomerated CNTs are more toxic as compared to well dispersed CNTs 

[213-214]. It is interesting to note that soluble CNTs did not have a toxic effect on cell 

viability [215]. Pristine CNTs can agglomerate easily and therefore, are more toxic than 

functionalized CNTs. 

2.11 Current Challenges and Need for Further Research 

In recent years, the potential of CNTs as an adsorbent in water treatment have been 

extensively explored. In spite of high costs, CNTs are expected to be a promising 

adsorbent in the future due to its high adsorption compared to many traditional 

adsorbents. A number of techniques are reported in the literature for the lab scale 

production of CNTs [216-217]. The researchers are now focusing on the large scale 

economical production of CNTs. Furthermore, many researchers are exploring novel 

techniques to modify the surface of CNTs to further improve their properties. Surface 

modification of CNTs has been observed to enhance the dispersion of CNTs in the 

solution, which is a serious issue with pure CNTs. The pure CNTs tend to aggregate in 

the aqueous solution due to van der Waal forces. This aggregation limits the available 
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adsorption sites for the pollutants to adsorb on the CNTs surface. Surface modification 

has a positive effect on the removal capacity of the CNTs. In some surface modification 

techniques, large amounts of chemicals are employed. This, again, lead to environmental 

pollution problems. Researchers are also in quest of novel environment friendly 

techniques for the surface modification of CNTs.  

Plasma technique is one of the novel techniques to modify the surface of the CNTs with 

aim to improve the dispersion and adsorption capacity [218-220]. Separation of CNTs 

from the aqueous solution is challenging due to small size of nanotubes. Some techniques 

used to separate CNTs from the aqueous solutions are ultra-centrifugation separation and 

membrane filtration. However, these methods have the limitations of high energy 

requirement and membrane blockage, respectively. The magnetic separation seems to be 

best alternative method to overcome these limitations. Still, further efforts are required to 

make possible the practical applications of these materials in future.  

CNTs have been proven to an excellent adsorbent for the removal of different heavy 

metals from wastewater.  However, most of the applications of CNTs are on lab scale in 

batch experiments. Still, the feasibility of CNTs application in large scale treatment needs 

to be further studied [221]. Beside batch experiments, carbon nanotubes based 

membranes is an attractive way to utilize the unique properties of the CNTs for a number 

of applications including water treatment. CNTs have also been employed widely in the 

polymer membranes to improve their mechanical strength, antifouling characteristics and 

hydrophilicity [222]. These improved properties can ensure a more efficient way for the 

treatment of polluted water using these CNTs based membranes.  
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 One of the main hurdles that limit the applications of CNTs in large scale operation is 

the cost of CNTs. Although researches are in quest of developing economical process for 

the mass production of CNTs, the current price does not suggest the applications of CNTs 

on large scale. Secondly, the potential hazardous effects of CNTs on the on human health 

and environment is also put questions to be answered. It is generally believed that the raw 

CNTs are more toxic as compared chemical functionalized CNTs. This may be due to 

presence of metal catalyst in raw CNTs [82]. It is expected that the due to increase in 

commercial production of CNTs, their price will be greatly reduced in future. 

Furthermore, development of the effective treatment techniques for the repeated 

availability and regeneration of CNTs can also reduce the cost of CNTs. 

2.12 Conclusions 

This review highlighted  the removal of selected metal ions (Lead, chromium, cadmium, 

arsenic, copper, zinc and nickel) from water using CNTs. Different types of CNTs have 

been employed for the removal of heavy metals from water including raw, acid modified 

and functionalization with other materials. Although, raw CNTs has showed good 

adsorption potential for some of the metal ions, the modified CNTs showed the maximum 

adsorption capacity for most of the heavy metals. The different adsorption mechanism 

involves the physical adsorption, electrostatic interaction, surface complexation, chemical 

interaction between the surface functional groups and the metal ions. The effect of 

process parameters such as pH, CNTs dosage, time, ionic strength, temperature and 

surface charge on the adsorption of heavy metal ions on the CNTs surface was discussed. 

Feasibility of the reuse of CNTs through regeneration by desorption of metal ions was 
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also highlighted. This is an important factor in determining the potential use of CNTs in 

commercial treatment plants in future. However, further research work is essential to 

focus on feasible large scale production of CNTs and exploring the toxic effects of CNTs. 

The applications of CNTs in commercial water treatment plants are expected to be a 

breakthrough in future. 
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3 CHAPTER 3 

CARBON NANOTUBE MEMBRANES  

Nanotechnology has shown great potential in water, wastewater treatment and 

desalination for providing environmentally acceptable water. Nanomaterials have many 

key physicochemical properties that make them suitable for water treatment and 

desalination. Various nanostructured materials like zeolites, metal/metal-oxide 

nanoparticles, dendrimers and carbon nanotubes (CNTs) have been widely employed in 

water purification. However, carbon nanotubes are considered as a versatile and unique 

material due to their extraordinary chemical and physical properties. CNTs have been 

rapidly explored among scientists in many fields e.g. chemistry, physics and material 

science owing to their unique properties such as low density, high aspect ratio, high 

chemical, thermal, and mechanical strength and remarkable electrical and optical 

properties.  

CNTs have been widely employed for the removal of a number of contaminants from 

aqueous solutions [1-12]. Various experimental studies have reported the adsorption of 

heavy metal ions [1-6], small molecules like hydrogen and oxygen [7-9] and organic 

chemicals [10-12] on different CNTs. 

3.1 Carbon Nanotube Membranes in Water Treatment 

CNTs have recently attracted considerable attention for synthesis of novel membranes 

with attractive features for water purification [13]. CNTs can also be used as direct filters 

and effective fillers to improve the membrane performance. CNTs have proven to be 
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excellent filler in membrane due to improved permeability, rejection, disinfection and 

antifouling behavior.  The flux through CNTs has been estimated to be 3-4 orders of 

magnitude faster than predicted by the Hagen-Poiseuille equation [13]. 

Typical inorganic membranes have been made of ceramic, carbon, silica, zeolite, various 

oxides and metals. These membranes have been employed in various applications 

including gas separations, separation of H2O from chemical reaction mixtures and 

removal of dissolved salts and other contaminants from water. However, these 

membranes separate the components based on their sizes [14]. The carbon based 

membrane with CNT-iron oxide has the advantage to couple size based separation with 

the adsorption. The impregnated CNTs with metal oxide have excellent adsorptive 

properties for the removal of heavy metals and organic components [15-16]. 

In recent times, a number of studies have been carried out to investigate the molecular 

transport through CNTs and gaps between the CNTs bundles. The CNTs offers faster 

flow of molecules through it as compared to the other materials of same size [13].  The 

transport of liquid and gas molecules through CNTs is predicted by molecular dynamics 

simulation and also confirmed experimentally [17-18]. A typical schematic view of this 

phenomenon is shown in Fig. 3-1. 
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Figure 3-1: Water molecules passing quickly through the inner core of a carbon nanotube [13] (Reprint 

permission from Springer) 

 

3.2 Types of CNT Membranes  

In the literature, different approaches have been reported by researchers for the synthesis 

of CNT based membranes: 

1. Template-prepared carbon nanotube membranes, in which carbonaceous materials 

are deposited inside pre-existing ordered porous membranes, e.g anodized alumina 

[13, 19-20]. 

2. Aligned-array outer-wall CNT membranes in which the interstices between vertical 

array of CNT serve as membrane [13, 21]. 

3. Composite membranes of aligned CNT/polymer or aligned CNT/ceramic [13, 22-

23]. 

4. Buckypaper membranes [13, 24-26]. 

5. Multistacked membranes composed of bundles of vertically aligned CNTs [13]. 
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6. Mixed-matrix membranes, where CNTs are used as fillers in a polymer matrix [27-

32]. 

Among these categories, the mixed as mixed-matrix membrane has gained considerable 

attention due to ease of synthesis and broad applications. Different nanoparticles such as 

TiO2 [33–37], Al2O3 [38–40], ZrO2 [41], SiO2 [42] can be employed as a filler material 

for the synthesis of mixed-matrix membranes with improved performance. 

Several studies have shown successful application of CNTs in polymer matrix [26-27]. 

Addition of CNTs has reported to substantially increase the water flux due to hydrophilic 

surface and large surface pores of the membranes [28]. Moreover, the tensile strength and 

fouling resistance of the membranes were reported to increase with addition of CNTs. 

3.2.1 Template-Prepared Carbon Nanotube Membranes 

This technique involves the deposition of carbonaceous materials in a porous template. 

The carbonaceous materials are usually deposited in template at high temperature during 

the synthesis of CNTs. This method leads to synthesis of CNT membrane with the 

desired dimensions and pores [13, 19-20]. These membranes have great potential for 

application in size-based separation and as catalytic membrane reactors. A schematic 

representation and SEM image of template-assisted CNT membranes are shown in Figure 

3-2.  
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Figure 3-2: (a) CNTs grown inside anodized alumina template (b) SEM image of partial dissolution of the 

template [13] (Reprint permission from Springer) 

 

3.2.2 Membranes with Aligned Arrays of CNTs 

In the aligned arrays CNT membranes, CNTs are held together by van der Waals forces. 

The transport of molecules occurs mainly through the gaps/ interstices between the CNTs 

bundles. The typical pore size range of the membrane is 40–100 nm [13, 21]. Figure 3-3 

shows schematic and SEM image of aligned arrays of CNTs [13]. 

 

Figure 3-3: (a) Aligned CNTs membrane (b) SEM image of aligned arrays of dense nanotubes [13] (Reprint 

permission from Springer) 

 

Studies have confirmed that electric potential can be used to render the hydrophobic 

nature of CNT to hydrophilic in these types of membranes. Electrical bias can be applied 

to control the water transport through membrane [13]. Srivastava et al. fabricated 
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macroscopic hollow cylinders having radically aligned CNTs walls as shown in Figure 3-

4 [13, 21]. The cylinder length and diameter was in the range several centimeters. The 

hollow CNTs cylinders were synthesized by spray pyrolysis using ferrocene/benzene 

solution. The filter was able to separate efficiently some bacterial contaminants and 

different heavy hydrocarbons. The filter was easily cleaned via autoclaving and 

ultrasonication to regain the full efficiency [21].  

A clear advantage of this filter is regaining of full efficiency after cleaning via 

ultrasonication and autoclaving. Furthermore, they can sustain higher temperature 

≈400 °C than conventional polymer membrane, which can sustain temperature up to 

≈52 °C only.  

 

Figure 3-4: (a) Petroleum filtration set up using a membrane filter (b) SEM image of aligned tubes with radial 

symmetry [21] (Reprint permission from Nature Publishing Group) 

 

3.2.3 Aligned CNT/Polymer Composite Membranes 

In this approach, aligned array of open-ended CNTs are used to form a composite and 

space between the CNTs is filled with ceramic matrix [22], or inert polymer [23]. The 
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molecular transport occurs mainly through the open-ended CNTs. The selection of 

polymer is critical for this type of membrane. Polystyrene has been employed extensively 

due to its compatibility with the CNTs. Figure 3-5 shows a schematic and SEM image of 

open ended CNT membrane.  

 

Figure 3-5: (a) Open ended CNT/Polymer composite membrane (b) SEM image of cross section of membrane 

with aligned CNTs [13, 30-31] (Reprint permission from Springer) 

 

The ends of CNTs can be opened by plasma oxidation technique. This method results in 

the attachment of functional groups to the tips of CNTs as well as removal of various 

impurities from the surface. The typical pore size of membrane is in the range of 6-7 nm. 

Though open-ended CNT membranes fabrication is complex, but it offers tighter control 

over pore size [13]. 

3.2.4 Buckypaper Membrane 

In this approach, membranes are synthesized by holding the CNTs via van der Waals 

interactions. In the first step, suspension of the CNTs in tetrahydrofuran (THF) is 

prepared, followed by the filtration under vacuum using polytetrafluoroethylene (PTFE) 

membrane. In second step, the sample is dried and thin sheet is removed from filter paper 
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[24-26]. Figure 3-6 shows schematic of the synthesis process and SEM image of 

buckypaper membrane. 

The strength of buckypaper membrane is strongly dependent on the type of CNTs. 

Generally, higher tensile strength is achieved with pure and longer CNTs with less 

number of walls. As the number of walls of CNTs has increased, the mechanical strength 

is reduced due to less efficient van der Waals forces. A number of techniques have been 

reported in the literature for the improvement of mechanical strength of buckypaper 

membrane. The most common are graphitization [17], polymer intercalation [43], 

chemical treatment [44] and electron irradiation [45]. Buckypaper membranes have the 

advantage of high specific surface and are suitable for a number of water treatment 

applications.  

 

Figure 3-6: (a) Synthesis of buckypaper membrane (b) SEM image of buckypaper membrane with randomly 

oriented CNTs (c) Schematic of buckypaper membrane [13] (Reprint permission from Springer) 
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3.2.5 Multistacked Membranes of Aligned CNT bundles 

In this process, a number of stacks of aligned CNT are grown during the synthesis of 

CNTs. Initially a single bundle of CNTs is grown from the carbon source using chemical 

vapor deposition technique. Using the same technique, the desired number of stacks is 

grown one above each other. This process offers the advantage of control over the length 

and density of CNTs. A thin layer of hydrophilic/hydrophobic material can also be used 

between the stack for desired applications. A schematic of the process and SEM are 

shown in Figure 3-7 [13].  

The nanochannels can be used to filter a number of pollutants. Furthermore, the CNTs 

can be modified with carboxylic acids [46], amines, enzymes, and polyelectrolytes [47] 

to make it suitable for desired applications. Due to electrically conductive and chemically 

inert nature, these membranes also have potential applications as membrane reactors [48]. 

 

Figure 3-7: (a) Schematic representation, and (b) SEM image of the multistacked CNT membranes [13] (Reprint 

permission from Springer) 

 



104 

 

3.2.6 Mixed Matrix Membranes 

Mixed matrix membranes have the advantage of low cost, mechanical strength and ease 

of fabrication. Generally, mixed matrix membranes couple the unique properties of 

inorganic materials and polymer matrix to yield new membrane with extraordinary 

properties. Inorganic materials are added to the traditional membranes to improve their 

properties such as selectivity, antifouling behavior and mechanical strength [41, 49-52].  

Today, the use of nanoparticle as a fillers in mixed matrix membranes (also known as 

polymer–nanocomposite membranes) are emerging. These membranes utilize the 

properties of nanoparticles to improve the membrane characteristics. These nanoparticles 

have a number of applications in environment such as degradation of a number of 

pollutants from water [53-56].  

Therefore, nanocomposite membranes are proved to have improved mechanical and 

thermal stability, high antifouling characteristics, enhanced flux and low cost compared 

to polymeric membranes [57-65]. In recent years, CNTs have been used as filler to 

synthesize the mixed matrix membranes [66-67]. 

CNTs offer a number of attractive features including antimicrobial and antifouling 

properties. However, CNTs tends to agglomerate due to van der Waals interaction, which 

limits their applications in some cases [68-69]. However, acid treated CNTs showed 

improved dispersion in the polymer matrix as compared to pristine CNTs [70]. Addition 

of CNTs was observed to improve the hydrophilicity of the membranes. This increase in 

hydrophilicity resulted in enhanced flux of water. CNTs addition has also shown a 

remarkable enhancement in the anti-fouling characteristics of the traditional polymer 

membranes [29].  
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Inorganic fillers are proven to enhance the mechanical and thermal stability of the 

traditional polymeric membranes. In pure polymeric membrane, compaction is a serious 

problem which declines the flux. This compaction occurs mainly due to macro-voids in 

the membranes [71]. The addition of fillers helped to improve the structure and hence 

mechanical strength of the membrane. 

An alternative way to synthesize the mixed matrix membranes is to add polymers to the 

inorganic materials [72]. In these types of membranes, the polymer acts as filler while the 

inorganic materials work as a host matrix. Although still much research and advancement 

is needed to make these membranes commercially available, the initial results are 

encouraging. Table 3-1 highlighted the specific properties of some of the mixed matrix 

membranes. 

 

Table 3-1: Properties of some of the common mixed matrix membranes 

Membrane type Particle 

amount 

(wt%) 

Particle 

diameter/nm 

[length/µm] 

Improved properties Reference 

 

Titania/PVDF 40 ∼27 1. Increased water flux 

2. Low compaction 

3. Improved thermal stability 

[73] 

Titania/SPES 8 ∼5 1. Minimize the formation of 

cake layer  

2. Improved rejection 

3. Low permeability 

[74] 

Titania/PES ∼40 nm 

coating on 

surface 

∼5 to 24 1. Decreased rejection from 

∼78 to 65% 

2. Increased flux nearly 50% 

3. Increased hydrophilicity 

[75] 

Ag/PSf 4 ∼20 to 50 1. Reduced biofilm growth 

2. Introduced antibacterial 

properties 

3. Decreased rejection from 

∼82 to 70% 

[57]  

http://www.chemspider.com/Chemical-Structure.937.html
javascript:popupOBO('CMO:0000387','C0EE00541J')
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4. Increased permeability 90% 

Zeolite/PSF 

 

 ∼250 to 300 1. Decreased flux decline 

2. Improved mechanical 

stability 

3. Low compaction  

[76] 

Silica/PSf 17 ∼34 to 130 1. Decreased flux decline 

2. Decreased compaction under 

applied pressure 

3. Increased mechanical 

stability 

[76] 

PANI/PSf 10 ∼43 [∼0.259] 1. Increased flux 2-fold 

2. Increased mechanical 

stability 

3. Improved porosity and pore 

size  

4. Improved hydrophilicity and 

surface roughness 

[56] 

Fe–Pd/PVDF 5 ∼20 to 30 1. Targeted dechlorination [77] 

CNT/PSf 0.5–4 ∼10 to 20 

[∼10 to 50] 

1. The rejection and 

permeability depends 

strongly on the amount of 

the CNTs fillers 

2. Increased hydrophilicity 

[70]  

CNT/PSf 4 ∼10 to 40 

[∼50] 

1. Increased mechanical 

stability 

2. Altered surface 

hydrophilicity 

3. Increased surface roughness 

[66] 

Alumina/PVDF 19 ∼10 1. Increased flux over 40% 

2. Increased mechanical 

stability 

3. Increased hydrophilicity 

[57]  

Alumina/PES 0.01–0.05 ∼0.48 1. Flux decline was observed to 

decrease. 

2.  Increase in the amount of 

alumina leads to flux 

reduction  

3. Rate of membrane fouling 

was observed to decrease 

[58] 

 

 

 

 

javascript:popupOBO('CHEBI:48729','C0EE00541J','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=48729')
http://www.chemspider.com/Chemical-Structure.22683.html
javascript:popupOBO('MOP:0001552','C0EE00541J')
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Abstract 

In this work, a novel approach is used to synthesize an iron oxide doped carbon nanotube 

(CNT) membrane, with the goal of fully utilizing the unique properties of CNTs. No 

binder is used for the synthesis of the membrane; instead, iron oxide particles serve as a 

binding agent for holding the CNTs together after sintering at high temperature. The 

produced membrane exhibited a high water flux and strong fouling resistance. In the first 

step, CNTs were impregnated with various loadings of iron oxide (1, 10, 20, 30 and 50%) 

via wet chemistry techniques. Impregnated CNTs were then compacted at 200 MPa and 

sintered at 1350 °C for 5 h to form a compact disc. The membranes were analysed by 

measuring their porosity, contact angle, diametrical compression test and water flux. The 

flux of pure water was observed to increase with an increase in iron oxide content. The 

permeate flux and rejection rate of sodium alginate (SA) were determined to predict the 

antifouling behavior of the membrane. A maximum removal of 90 and 88% of SA was 

achieved for membranes with a 10 and 1% iron oxide content, respectively, after 3 h. A 

minor decline in the permeate flux was observed for all membranes after 4 h of operation. 

Keywords: Membrane, iron oxide, water treatment, carbon nanotubes, sodium alginate 
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4.1 Introduction 

Water is the lifeblood of the modern era as a result of the scarcity of resources, drought 

and expansion of deserts. Reliable access to safe and clean drinking water is considered 

to be one of the most basic humanitarian goals and remains a major challenge in the 21st 

century. A report from the United Nations (UN) indicates that 1800 million people will 

face absolute water scarcity and two-thirds of the world population could be under stress 

conditions by 2025 [1, 2]. 

 The reuse, recycling and recovery of water has proven to be successful and effective in 

creating a new and reliable water supply while not compromising public health. 

Membrane filtration is considered among the most promising and widely used processes 

for water treatment and desalination [1, 2]. 

Membranes are classified into different types based on their nominal size or molecular 

weight cut-off (MWCO), including microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), and reverse osmosis (RO). Microfiltration is employed for suspended 

solids, protozoa, and bacteria removal; ultrafiltration for virus and colloid removal; 

nanofiltration for heavy metals dissolved in organic matter and hardness removal; and 

reverse osmosis for desalination, water reuse, and ultrapure water production [3]. 

Membranes can also be classified based on their configurations, including hollow fibre, 

spiral, plate and frame, and tubular. Membranes are manufactured from ceramic, 

polymeric, or hybrid materials. The most common polymeric membranes are 

poly(sulfone), poly(amide), poly(propylene), poly(tetrafluoroethylene), cellulose acetate, 

and poly(vinylidene) fluoride. Most of the ceramic membranes are made using metal 

oxides including aluminium oxide (Al2O3) and titanium oxide (TiO2), as well as silica 
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(SiO2), zeolites, microporous carbon, silicon carbide (SiC) and zirconia (ZrO2). Ceramic 

membranes are well suited for challenging water purification processes due to their 

chemical and thermal stabilities. However, ceramic membranes are typically considered 

too expensive and are recommended only for small scale operations. Polymeric 

membranes, on the other hand, dominate the current water desalination and purification 

market because of their excellent mechanical strength under pressure and their high 

selectivity. However, in many wastewater applications, the current polymeric membranes 

are less fouling-resistant and chemically stable than ceramic membranes [4].  

Typical inorganic membranes are made of ceramic, carbon, silica, zeolite, various oxides 

and metals. These membranes have been employed in various applications, including gas 

separation, separation of H2O from chemical reaction mixtures and the removal of 

dissolved salts and other contaminants from water. However, these membranes separate 

the components based on their size [5]. 

Carbon nanotubes (CNTs) have been rapidly explored among scientists in many fields, 

including chemistry, physics and material science, owing to their unique properties, such 

as high aspect ratio, low density, high chemical, thermal, and mechanical strength, and 

remarkable electrical and optical properties. CNTs have been widely employed for the 

removal of various contaminants from aqueous solutions. Various experimental studies 

have reported the adsorption of heavy metal ions [6-13], small molecules like hydrogen 

and oxygen [14-15] and organic chemicals [16-19] on different CNTs. 

CNTs have recently attracted considerable attention for the synthesis of novel membranes 

with attractive features for water purification [20-36]. CNTs can also be used as direct 
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filters and effective fillers to improve the membrane performance. CNTs have proven to 

be excellent fillers in membranes due to improved permeability, rejection, disinfection 

and antifouling behaviour. The flux through CNTs has been estimated to be 3-4 orders of 

magnitude faster than predicted by the Hagen-Poiseuille equation [22-24]. 

In recent times, the mixed-matrix membrane has been explored extensively due to its ease 

of synthesis and broad applications. Various nanoparticles, such as TiO2 [37-38], Al2O3 

[39–40], ZrO2 [41], and SiO2 [42], can be employed as filler materials for the synthesis of 

mixed-matrix membranes with improved performance. CNTs are also appealing 

membrane fillers and act as extraordinary mass transport channels as studied by various 

research groups. Several studies have shown successful application of CNTs in a polymer 

matrix [33-35, 43-46]. The addition of CNTs has been reported to substantially increase 

the water flux due to the hydrophilic surface and large surface pores of the membranes 

[35]. Moreover, the tensile strength and fouling resistance of the membranes were 

reported to increase with the addition of CNTs. 

The presence of natural organic matter, microorganisms and high concentration of salt in 

water systems leads to membrane fouling. Typical adverse effects of membrane fouling 

include (i) a reduction in the membrane water flux, (ii) an increase in the solute 

concentration polarization, (iii) increased energy requirements; (iv) biodegradation and/or 

biodeterioration of the membrane materials, (v) an increase in the module differential 

pressure, and (vi) the establishment of concentrated populations of primary or secondary 

human pathogens on the membrane [5]. Therefore, fouling is a major obstacle in the 

widespread application of membrane technology. Several studies have been performed in 
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recent years with the goal of enhancing the fouling resistance of membranes by surface 

modification with CNTs [5, 47]. 

This paper describes a novel synthesis concept of a carbon nanotube metal oxide 

membrane, comprising dispersed CNTs and iron oxide nanoparticles. In the first step, 

CNTs are impregnated with different amounts of iron oxide (1, 10, 20, 30 and 50%) via a 

wet chemistry technique. The impregnated CNTs are then compacted and sintered to 

form a compact disc. The effect of the iron oxide content, compaction force and sintering 

temperature on the membrane properties was studied. The powder materials were 

characterized by scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), X-ray diffraction (XRD) and thermogravimetric analysis (TGA), 

while the prepared membranes were analysed by measuring their density, pore size, 

contact angle measurement and water flux. CNT-iron oxide membranes are expected to 

efficiently remove heavy metals from water in a continuous flow system. The permeate 

flux and rejection rate of sodium alginate (SA) were determined to predict the antifouling 

behaviour of the membrane.  

4.2 Experimental Details 

4.2.1 Materials 

The carbon nanotubes used in this study were supplied by Chengdu Organic Chemicals 

Co. Ltd. (China). The CNT specifications are shown in Table 4-1. Iron (III) nitrate 

nonahydrate, Fe(NO3)3.9H2O (Reagent grade, Sigma Aldrich, purity ≥ 98%) was used as 

a metal oxide salt for iron oxide. 



120 

 

The iron oxide nanoparticles were impregnated on the surface of CNTs by a wet 

impregnation method. For example, for a 1% iron oxide loading, 1.443 g of pure ferric 

nitrate [Fe(NO3)3.9H2O] was dissolved in 500 mL of ethanol (98% purity). CNTs (19.88 

g) were also dissolved in the 400 mL of absolute ethanol. Both solutions were sonicated 

for 45 min separately before being mixed together. The resultant mixture was again 

sonicated for 1 h at room temperature. The aim of ultrasonication is to have complete and 

homogeneous wetting of the particles during impregnation; this decreases the likelihood 

of agglomeration, which occurs due to the formation of clumps of liquid. The mixture 

was then kept in an oven to evaporate the ethanol. The residue was then calcinated for 3.5 

h at 350
 
°C in a furnace to obtain CNTs impregnated with 1% iron oxide. This process 

leads to homogenously dispersed iron oxide nanoparticles in a CNT matrix, and the 

attachment of iron oxide to the CNTs. Similarly, CNTs were doped with different iron 

oxide loadings, i.e., 10, 20, 30 and 50 %. 

Table 4-1: Chemical and physical properties of the carbon nanotubes 

 

 

 

 

 

 

 

Property Value 

Outer diameter (nm) 10-30 

Length (µm) 1-10 

Purity >95% 

Ash <1.5 weight% 

Specific surface area (m
2
/g) > 200  

Electrical conductivity (S/cm) >10
2
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4.3 Characterization 

4.3.1 SEM, TEM and EDS Analysis of Raw and Impregnated CNTs 

Fig. 4-1 displays the SEM images and EDS spectra of the CNTs and CNT-Fe2O3. The 

presence of the iron oxide particles was confirmed by EDS analysis. High-resolution 

transmission electron microscopy (HRTEM) was performed to characterize the structure 

and size of the nanotubes and iron oxide nanoparticles and to observe the configuration 

adopted by the iron oxide nanoparticles on the surfaces of the CNTs (as shown in Fig. 4-

2). The HRTEM image of the unmodified nanotubes is presented in Fig. 4-2a. This image 

shows hollow and tubular nanotubes with an outer diameter of 10-30 nm and an inner 

diameter of 5-10 nm. Figure 4-2b shows a typical HRTEM image of CNT-Fe2O3 

indicating the presence of the iron oxide nanoparticles with an average size of ~3 nm on 

the surfaces of the CNTs. It was also noted that the structure of the CNTs was not 

damaged during the nanoparticle impregnation process. 

 

(a) Raw CNTs 
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(b) 20 % CNT-Fe2O3 

 

(c) 50 % CNT-Fe2O3 

Figure 4-1: SEM and EDS analysis of (a) Raw CNTs, (b) 20% CNT-Fe2O3 and (c) 50% CNT-Fe2O3 
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Figure 4-2:  HRTEM images of (a) Raw CNTs and (b, c and d) CNT-Fe2O3 
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4.3.2 Thermal Degradation Analysis 

Thermogravimetric analysis (TGA) is an effective technique to evaluate the quality of the 

CNTs. The metal impurity content associated with the CNTs can be determined by 

simply burning the CNT samples in air. Fig. 4-3 displays the TGA curves for the CNTs 

and CNT-Fe2O3 under air at a heating rate of 10 °C/min. It was observed that the raw 

CNTs did not undergo any major mass loss before ∼500°C; however, a sharp weight loss 

was observed thereafter. This weight loss is attributed to the degradation of disordered or 

amorphous carbon, moisture, ash, and other metal impurities [48-51]. It has also been 

reported by many researches that amorphous carbon has a low thermal stability due to its 

lower activation energy for oxidation. The degradation of CNTs at temperatures higher 

than 500°C corresponds to the thermal oxidation of the remaining disordered carbon [50-

51].  

For the impregnated CNTs (CNT-Fe2O3), the initial oxidation and final oxidation 

temperatures were observed to decrease. The presence of iron oxide nanoparticles 

reduced the initial and final degradation temperature of the CNTs by almost 100 °C as 

shown in Fig.3. The lower thermal stability of the impregnated CNTs when compared to 

the raw CNTs may be due to the attachment of iron oxide particles to the walls of the 

CNTs. The lower degradation temperature of iron oxide compared to the raw CNTs leads 

to the faster degradation of the impregnated CNTs.  

TGA was also used to estimate the quantitative loading of Fe2O3 onto the CNT surface by 

weighing the residual matter, which consists of Fe2O3 predominantly after the CNTs have 

been burnt off completely in air. No residual weight was measured after the complete 

oxidation of raw CNTs; while the weight of CNT samples with 1, 10, 20, 30 and 50% 
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Fe2O3 were reduced to 1.2, 11, 22, 32 and 53%, respectively, after being heated at 900°C 

in air.  

 

Figure 4-3: Thermogravimetric analysis (TGA) for raw CNTs and CNT-Fe2O3 

 

4.3.3 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) of the raw and impregnated CNTs was performed to 

demonstrate the highly crystalline nature of the composites and confirm the attachment of 

iron oxide particles to the CNTs. The XRD patterns were recorded using an X-ray 

diffractometer equipped with a Cu Kα radiation source (40 kV, 20 mA) at a rate of 

1.0°/min between 10-80° (2α). Fig. 4-4 displays the XRD patterns of the raw and doped 

CNTs. The XRD pattern of the raw CNTs presented two major characteristic peaks at 2θ 

∼ 27 and 44° that correspond to the hexagonal graphite lattice of multi-walled carbon 
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nanotubes. The XRD pattern of the impregnated CNTs presented new peaks in addition 

to the two obvious peaks associated with carbon nanotubes. The most significant Bragg 

diffraction peaks observed appeared at 2θ = 34, 36, 42, 50, 54, 63 and 65°. These peaks 

correspond to the α-Fe2O3 nanoparticles [52]. These results demonstrate that the Fe2O3 

particles were successfully attached to the CNTs. 
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Figure 4-4: XRD patterns of the raw CNTs and CNT-Fe2O3 
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4.4 Membrane Preparation 

Carbon nanotube doped iron oxide particles were uniaxially pressed into steel discs with 

a diameter of 27 mm under a pressure of 200 MPa. Compaction yielded a disc of 

approximately 27 x 3 mm containing 1, 10, 20, 30 and 50% iron oxide by mass. These 

discs were sintered in a horizontal tube furnace (MTI Corporation GSL-1700X) with a 

programmable temperature controller. Sintering was performed at temperature of 1350°C 

for 5 h under argon gas (300-400 mL/min) at a heating rate of 5°C/min. The membrane 

characteristics were analysed by SEM, EDS, XRD, porosity and contact angle 

measurements. A schematic of the membrane synthesis process is presented in Fig. 4-5. 
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Figure 4-5: Flow chart of the iron doped CNT membrane synthesis 
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4.5 Membrane Characterization 

4.5.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy of the membranes was performed using a field emission 

scanning electron microscope (TESCAN MIRA 3 FEG-SEM). The membrane samples 

were sputtered with a 10 nm layer of platinum. Fig. 4-6 shows the SEM images of the 

sintered membranes with different iron oxide loadings. It can be seen that the Fe2O3 

particles are well dispersed at lower particle loadings; however, some aggregation was 

observed when the amount of Fe2O3 loaded was higher. The membrane appears to be 

more porous, as confirmed by porosity measurements, when the iron oxide content is 

low. As the Fe2O3 loading is increased, the porosity is reduced due to the presence of 

Fe2O3 particles in the channels that exist among the CNTs.   

 

          

(a)             (b) 
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(c)                  (d) 

 

(e) 

Figure 4-6: SEM images of the CNT sintered membranes with (a) 1 (b) 10 (c) 20 (d) 30 and (e) 50% Fe2O3 
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4.5.2 Porosity Measurements  

The porosity of the membranes was determined by the dry-wet method [32] using 

equation (1): 

Porosity = 
𝑊2−𝑊1 

𝜌.𝑉
 ×  100 %                            (1) 

Where w1 (g) and w2 (g) are the weight of the dry and wet membranes, respectively, ρ 

(g/cm
3
) is the density of distilled water at room temperature, V (cm

3
) is the volume of the 

membrane. The weight of the wet membrane was measured after being immersed in 

distilled water for 24 h. The wet membrane was then dried in an oven at 90 °C for 24 h 

before measuring its dry weight. In order to minimize the experimental error, the 

experiment was repeated three times and the average value is reported in Fig. 4-7. 

The porosity of the membrane changes slightly as the iron oxide content is increased 

from 1 to 10%. However, a decrease in porosity was observed by increasing the iron 

oxide content from 10 to 30%. This may arise because as the iron oxide content is 

increased, the space between the CNTs becomes filled with the iron oxide particles, 

which attach to the CNTs, resulting in the porosity being reduced. After sintering, the 

particles attached to the CNT walls aggregate to hold the CNTs, and it is expected that 

the iron oxide particles will exist within the gaps between the CNTs. This leads to a 

reduction in porosity. Similar behaviour has been reported in the literature, whereby a 

decrease in flux is observed with filler loading [32, 53].  

 However, at higher iron oxide concentrations, the porosity again increases. This may be 

due to the formation of gaps at relatively high iron oxide loadings (50%) resulting from 

the agglomeration of iron oxide particles; these gaps allow water molecules to pass 
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through the membrane easily. A similar increase in porosity and flux at a high filler 

loading is also reported in the literature [54]. 

However, the change in porosity of the membrane observed by varying the iron oxide 

loading is very small. This indicates that the iron oxide content is not responsible for the 

significant change in the membrane porosity observed. The porosity depends 

predominantly on the CNT properties.  

 

Figure 4-7: The varying membrane porosity with Fe2O3 content 
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4.5.3 Contact Angle Measurements 

The contact angle gives an indication of the hydrophilicity and/or hydrophobicity of the 

membrane. The contact angle of the membrane surface was measured using a contact 

angle analyser (KYOWA, model DM-301). The measurements were carried out by 

placing a 5 µL water droplet onto the membrane surface. All experiments were repeated 

at five different sites, and the mean value reported. 

It can be seen from Fig. 4-8 that the contact angle decreases with an increase in the iron 

oxide content in the membrane. This behaviour indicates that the hydrophilicity of the 

membrane increases as the iron oxide content increases. The hydrophilic nature of the 

membrane facilitates the rapid transport of water molecules through it, which results in 

the enhanced flux observed [24]. 

 

Figure 4-8: Contact angle of the membrane versus the iron oxide content 
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4.5.4 Diametral Compression Test 

The mechanical strength of the CNT-Fe2O3 membranes was measured by applying the 

diametral compression test. The diametral compression test is often employed to predict 

the strength of porous materials. The membranes were pressed diametrally between two 

flat plates and the tensile strength of the sample was measured in the direction 

perpendicular to the load. The diametral stress () can be calculated using equation (2) 

[55-56]: 

 = 2P/ D t    (2) 

Where t and D are the thickness and diameter of the membrane disc, respectively, and P 

is the load.  

A schematic of the diametral compression is shown in Fig. 4-9 (a). The membrane 

samples had a 27 mm diameter and were 3 mm thick as shown in Fig. 4-9 (b). Samples 

were diametrally pressed between flat platens in an Instron universal testing machine 

with a crosshead speed of 0.01 mm/min. A fractured sample is shown in Fig. 4-9 (c). It 

can be observed that the sample fractured into two halves, which indicates that the 

sample underwent a tensile failure [55-56]. 

Fig. 4-10 shows the variation of compressive stress versus compressive strain. It was 

observed that the maximum compressive strength increases as the silver content in the 

membrane is increased up to 20% silver loading. This can be justified due to the 

improved dispersion of iron oxide particles that hold the CNTs together. As a result, the 

mechanical strength of the membrane increased. A maximum strength of 11.2 MPa was 

observed for the sample with a 20% Fe2O3 content. It was observed that the mechanical 
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strength of the membrane decreases with any further increase in the amount of Fe2O3 

beyond 20%. This may be due to the agglomeration of iron oxide particles in the matrix, 

which leads to an increase in porosity. This increase in porosity resulted in a reduction of 

the mechanical strength of the membrane. Similar reductions in the mechanical strength 

associated with increased porosity at high filler loadings have been reported [57-58]. 

 

 

 

 

 

 

(a)                                                   (b)                                                 (c) 

 

 

 

 

 

 

 

 

 

Load 

Figure 4-9: (a) Schematic of the diametral compression test and images of the CNT-Fe2O3 membrane (b) before and (c) 

after being subjected to a diametral compression test 
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Figure 4-10: Diametral compression test curves 

 

4.6 Water Flux Measurements 

Water transport through the membrane depends predominantly on the hydrophilicity and 

porosity of the membrane. In general, the flux is higher for hydrophilic membrane 

surfaces with a high porosity. Water flux measurements were performed using a flow 

loop system as shown in Fig. 4-11. The pure water flux was determined by Eq. (3): 

J = V/A.t                              (3) 

where J (L. m
−2

. h
−1

) is the pure water flux, V (L) is the volume of permeate water, A 

(m
2
)  is the effective area of the membrane and t(h) is the time required for the permeate 

water to pass through the membrane (h). In our experiments, the surface area of the 

membrane was 5.7 cm
2
. 

The pure water flux was measured under different conditions as shown in Fig. 4-12 and 

4-13. Initially, the water flux was measured at different transmembrane pressures, i.e., 
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from 1 to 40 psi. Then the transmembrane pressure was maintained at 14 psi for 30 min 

and the water flux was measured. The same procedure was used to obtain the flux at 

different pressures. Each pressure was maintained for 10 min before recording a reading. 

It can be seen from Fig. 4-12 that the flux increases as the iron oxide content increases. 

The higher flux of membranes with higher iron oxide concentrations can be justified on 

the basis of two mechanisms. First, at higher iron oxide content, the membrane surface is 

more hydrophilic, as confirmed by contact angle measurements. This leads to improved 

water transport through the membrane. Second, due to the aggregation of iron oxide 

particles at higher loading, large pores are formed among the CNTs and iron oxide 

particles; this facilitates a higher flux through the membrane. A slight reduction in the 

flux was observed with time for all membranes, as shown in Fig. 4-13. This may be due 

to the compaction of pores after water flow for long periods of time. 

 

 

Figure 4-11: Schematic diagram of the flow loop system 
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Figure 4-12: Effect of transmembrane pressure and iron oxide loading on pure water flux 
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Figure 4-13: Effect of time on the pure water flux 

 

4.7 Membrane Antifouling Properties 

Extracellular polymeric substances (EPS) are one of the main causes of membrane 

fouling in water purification systems. Polysaccharides are major constituents in EPS, 

while sodium alginate is often used as a model for EPS [59-60]. 

The permeate flux and rejection rate of sodium alginate (SA) were determined to predict 

the antifouling behaviour of the membrane. A commercial sodium alginate with a 

reported molecular weight of 12–80 kDa was supplied by Sigma–Aldrich and employed 

in all experiments reported here. Alginate solutions with a concentration of 10 ppm were 

employed in each experiment; the concentration was measured using a total organic 

carbon (TOC) Shimadzu 5000 A analyser. The ionic strength of the solution was adjusted 
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by the addition of 20 mM NaCl and the pH was maintained at 7.8 by the addition of 

1 mM NaHCO3 buffer solution, as reported in the literature [61-63]. 

Alginate solutions were pumped through the flow loop system at a constant pressure of 

14.7 psi, while permeated flux and concentrations were measured after equal time 

intervals. Results of the analysis are shown in Fig. 4-14 and 4-15. It can be observed from 

Fig. 4-14 that the permeate flux showed a minor decline after 90 min of operation. The 

maximum flux remained higher for membranes with an iron oxide content of 50%. This 

minor decline may be due to the smaller size of alginate, which may pass through the 

membrane pores with no significant effect on the flux. This suggests that at the initial 

stage of filtration, adsorption is the main phenomenon that explains the membrane 

fouling by alginate molecules. After a certain contact time (approximately 90 min in our 

case), cake development takes place on the membrane surface, which may cause a slight 

reduction in the permeate flux.    

Sodium alginate rejection by the membrane was not significant until 0.5 h of operation, 

as shown in Fig. 4-14. This may be due to the smaller molecular size of alginate that 

requires sufficient time to deposit on the membrane surface and inside the pores. 

However, the rejection was observed to increase for all membrane types with time 

afterwards. A maximum rejection of sodium alginate of 90 and 88% was observed for 

membranes containing 10 and 1% iron oxide, respectively. This result is not surprising 

since the flux through membranes with low iron oxide content is smaller; hence, the 

longer contact time between the alginate molecules and membrane surface showed 

improved adsorption. Furthermore, a relatively good dispersion of iron oxide and CNTs 
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in these membranes contributes to the higher rejection of SA. The membrane with 50% 

iron oxide was still able to remove 57% alginate molecules after 3 h of operation. 

 

 

Figure 4-14: Permeate flux versus time 
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Figure 4-15: SA rejection versus time 

 

4.8 Conclusions 

Iron oxide-doped carbon nanotube membranes were successfully synthesized using a 

novel approach. The loading of iron oxide in the membrane was varied from 1 to 50 

weight%. The produced membrane exhibited a high water flux and strong fouling 

resistance. The membrane characteristics were influenced remarkably by the iron oxide 

loading. The flux of pure water was observed to increase as the iron oxide content 

increased. A maximum flux of 1490 L.m
-2

.h
-1

 was observed for the membrane with a 

50% iron oxide content. As the loading of iron oxide increased, it transformed the 

membrane from hydrophobic to hydrophilic, as confirmed by contact angle 

measurements. In addition, the membranes produced displayed a high mechanical 

strength. A maximum tensile strength of 11.2 MPa was observed for the membrane 
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containing 20% iron oxide. Irrespective of the iron oxide loading, all membranes 

prepared were effective in removing the SA from water. However, a maximum removal 

of 90 and 88% of SA was achieved for membranes with a 10 and 1% iron oxide content, 

respectively, after 3 h. A negligible reduction in the permeate flux was observed with 

time for all membranes.  
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Abstract 

A novel approach was used to synthesize a silver doped-CNT membrane, with the aim of 

fully utilizing the anti-toxic properties of CNTs and silver. No binder was used for the 

synthesis of the membrane; instead, silver particles served as a binding material for the 

CNTs after sintering at a high temperature. In the first step, CNTs were impregnated with 

different loads of silver (1, 10 and 20 wt%) via a wet chemistry technique. Impregnated 

CNTs were then compacted at 200 MPa and sintered at 800 
o
C for 3 hours to form a 

compact disc. The powder materials were characterized by scanning electron microscopy 

(SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray powder diffraction (XRD) 

and thermogravimetric analysis (TGA), while the membranes were characterized by 

measuring their porosity, contact angle, diametrical compression test, pure water flux and 

antibacterial properties. The affinity of the membranes to biofouling was studied using 

Escherichia coli (E. coli). The produced membrane showed a high water flux and 

exhibited strong antibacterial properties. These membranes would be advantageous in a 

continuous filtration system for the removal of different contaminants from water via 

desalination, adsorption and sieving. All of the membranes with different loads of silver 

were able to remove/kill 100% of the bacteria tested; however, the CNT membrane with 

10% silver showed a superior performance to the others. All of the bacteria were 

removed/killed by the membrane with 10% silver loading after the suspension had passed 

for only 60 min. The produced membrane has the potential to be employed in real water 

treatments system for the removal of a number of contaminants from wastewater. 
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5.1 Introduction 

High quality water is not only important to human health but also serves as an essential 

feedstock for various industries, including petrochemicals, oil and gas, pharmaceuticals 

and food. Our current water supply faces massive challenges, both old and new. 

Worldwide, some 780 million people still lack access to safe drinking water (WHO, 

2012) [1]. Water use has been growing at more than twice the rate of population growth 

in the last century. As per a report from the United Nations (UN), by 2025, 1800 million 

people will be facing absolute water scarcity, and two-thirds of the world population 

could be under water stress conditions [1, 2]. 

The available supplies of water are depleting due to increased population growth and 

competing demands from industrial and domestic users. Hence, alternative sources of 

water need to be explored. The possible alternative sources include: industrial 

wastewater, storm water and seawater. Water reuse, recycling, and recovery have proven 

to be successful and effective in creating a new and reliable water supply, while not 

compromising public health. Membrane filtration is considered to be among the most 

promising and widely used processes for the purification of wastewater, seawater and 

brackish water [1-3]. 

Nanotechnology has great potential in water treatment for the removal of a number of 

contaminants from water. Various nanostructured materials, such as zeolites, 

metal/metal-oxide nanoparticles, dendrimers and carbon nanotubes (CNTs), have been 

widely employed in water purification. Among these, CNTs are considered to be a 

versatile and unique material due to their extraordinary electrical, thermal and mechanical 

properties. CNTs have been extensively employed for the removal of various 
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contaminants from water, including heavy metal ions [4- 18], hydrogen and oxygen 

molecules [19-21] and organic chemicals [22-25]. 

CNTs have also been employed for the synthesis of novel membranes with extraordinary 

properties for water purification [26-28]. The higher transport of molecules is possible 

through the smooth and friction-less graphitic walls of CNTs [27-28]. CNTs were used as 

direct filter and appealing membrane fillers to enhance thermal, mechanical and electrical 

properties of polymeric composite materials [29-43]. The permeate flux through CNTs 

has been estimated to be 3-4 orders of magnitude faster than predicted by the Hagen-

Poiseuille equation [30-33]. 

In the literature, different approaches have been reported by researchers for the synthesis 

of CNT-based membranes. These include template-assisted open-ended CNT membranes 

[32]; aligned-array outer-wall CNT membranes [33]; multi-stacked membranes of 

aligned CNT bundles [37]; vertically aligned open-ended CNTs surrounded by an inert 

polymer or ceramic matrix [30]; membranes composed of nanotubes in the form of a thin 

mat, also known as buckypaper membranes [34-36]; and mixed-matrix membranes [38-

39]. Among these categories, the mixed-matrix membrane has gained considerable 

attention due to its ease of synthesis and broad applications. Different nanoparticles, such 

as TiO2 [44–46], Al2O3 [47–48], ZrO2 [49], and SiO2 [50], can be employed as filler 

materials for the synthesis of mixed-matrix membranes with improved performance. The 

anti-bacterial potential of different metals has been reported by various researchers. 

However, silver nanoparticles (AgNPs) are currently the most effective and well-known 

antibacterial agents. Studies have confirmed that silver nanoparticles can deactivate 

microorganisms during water filtration. The antimicrobial effects of AgNPs can be 
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attributed to their capacity to damage cell protein and DNA, to interrupt electron 

transport chains and disturb cell membrane functions [51-52]. 

Membranes are very effective in water purification because of their potential to remove 

inorganic compounds, organic pollutants, and microorganisms and to limit microbial 

regrowth. However, biofouling is a serious problem associated with membrane separation 

[53-54]. Membrane biofouling is initiated by the irreversible adhesion of one or more 

bacteria to the membrane surface, followed by the growth and multiplication of the 

sessile cells at the expense of feed water nutrients. The adverse effects of biofouling 

include increased energy requirements to overcome biofilm resistance, flux decline, bio-

deterioration and/or biodegradation of the membrane material; to increase in the solute 

concentration polarization; and to establish concentrated populations of human pathogens 

on membrane surfaces. Biofouling prevention/control is a serious issue for many 

membrane applications. In this respect, more effective techniques are needed to 

prevent/control the formation of biofilms on the membrane surface [55-56, 58, 60]. 

This paper describes a novel synthesis concept of a CNT metal oxide membrane that is 

composed of dispersed CNTs and silver nanoparticles. In the first step, CNTs were 

impregnated with different amounts of silver (1, 10 and 20%) via a wet chemistry 

technique. Impregnated CNTs were then compacted and sintered to form a compact disc. 

The effect of the silver amount, compaction force and sintering temperature were studied 

on the membrane properties. Powder materials were characterized by scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction 

(XRD) and thermogravimetric analysis (TGA), while prepared membranes were analyzed 
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by measuring their porosity, contact angle, mechanical strength and water permeate flux. 

The affinity of membranes to biofouling was studied using E. coli. 

5.2 Experimental Details 

5.2.1 Materials 

Multi-walled carbon naontubes used in this study were supplied by Chengdu Organic 

Chemicals Co. Ltd. (China). The purity of CNTs was > 95% while their length and outer 

diameter of CNTs were 1-10 µm and 10-20nm, respectively. Silver Nitrate (AgNO3, 

reagent grade, Sigma Aldrich, purity ≥ 99%) was used as salt for the silver.  

The silver nanoparticles were impregnated on the surface of the CNTs by a wet 

impregnation method. For example, for 1% silver loading, 0.315 g of pure AgNO3 was 

dissolved in 500 mL of ethanol (98% purity). An amount, 19.8 g, of CNTs was also 

dissolved in 600 mL of absolute ethanol. Both solutions were sonicated for 1 hour 

separately and then mixed together. The resultant mixture was again sonicated for 2 hours 

at room temperature. The aim of ultrasonication was to have a complete and 

homogeneous wetting of the particles during impregnation and to decrease the possibility 

of agglomeration due to the formation of clumps of liquid. The mixture was then kept in 

an oven to evaporate the ethanol. The residue was then calcinated for 4 hours at 350 
o
C in 

a furnace under nitrogen to impregnate the CNTs with silver. This process leads to 

homogenously dispersed silver nanoparticles in a CNT matrix and the attachment of 

silver to the CNTs. Similarly, the CNTs were doped with different loads of silver, i.e., 10 

and 20 %. 
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5.3 Characterization Techniques 

Various analytical techniques were used to observe the characteristics of the raw and 

modified adsorbents. SEM studies were performed using field emission scanning electron 

microscope (TESCAN MIRA 3 FEG-SEM). TGA was performed using 

thermogravimetric analyzer (K.U. Leuven SDT, Q600) at a heating rate of 10°C/min in 

air.  The XRD patterns were recorded using an X-ray diffractometer, equipped with Cu 

KR radiation (40 kV, 20 mA) at a rate of 1.0°/min over the range of 10-80° (2α). The 

contact angle of the membrane surface was measured using a contact angle analyzer 

(KYOWA, model DM-301). Diametral compression test was performed using Instron 

universal testing machine.  

5.4 Characterization of Raw and Impregnated CNTs 

5.4.1 SEM and EDS Analysis 

Fig. 5-1 displays the SEM images of CNTs and CNT-Ag. The white spots in the SEM 

image of CNT-Ag are the silver particles, as confirmed by an EDS analysis. The outcome 

of the analysis is the EDS spectrum in Figure 5-1. A back-scattering FE-SEM image of 

the CNT-Ag was taken to verify the presence of nanoparticle ions on the surfaces of the 

CNTs, as shown in Fig. 5-1. The distribution and agglomeration of the Ag nanoparticles 

was also observed. There are formations of white crystal structures of Ag nanoparticles 

with small sizes and irregular shapes. The Ag nanoparticles spread widely on the surfaces 

of the CNTs, forming very small crystal particles. 
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(a) Raw CNTs 

 

(b) 1 % CNT-Ag 
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(c) 10 % CNT-Ag 

 

(d) 20 % CNT-Ag 

Figure 5-1: SEM images and EDS analysis of (a) Raw CNTs and (b, c and d) CNTs impregnated with silver 

nanoparticles 
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5.4.2 Thermal Degradation Analysis 

The thermal degradation of the raw and impregnated CNTs was studied using TGA. Fig. 

5-2 shows the TGA curves for the CNTs and CNT-Ag with different silver loads under 

air with a heating rate of 10 
o
C/min. The initial degradation temperature of the CNTs was 

found to be 550 °C, while degradation completes were observed at approximately 640°C. 

For CNT-Ag-1%, the initial oxidation temperatures started at 400°C and were completed 

at approximately 520°C. As the loading of Ag increases in the CNTs, the initial and final 

degradation temperatures were observed to decrease. The initial and final degradation 

temperatures of CNT-Ag-20% were recorded to be 300°C and 450°C, respectively. It was 

confirmed that presence of silver nanoparticles reduces the initial and final degradation 

temperature of CNTs. The sample weight was reduced to almost percentage loading of 

Ag at 900
o
C. This is because all of the carbonaceous materials were removed and a small 

amount of metal was left behind. 

5.4.3 X-Ray Diffraction (XRD) 

Fig. 5-3 shows the XRD pattern for the doped CNTs. Two of the characteristic peaks of 

the CNTs were observed at a 2θ of 27 and 43
o
, while other characteristic peaks were 

found at a 2θ of 40, 46, 68, 78, and 82
o
, which corresponds to silver. These results 

revealed that the silver particles were successfully attached to the CNTs. 
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Figure 5-2: Thermogravimetric analysis (TGA) for raw CNTs and CNT-Ag 

 

Figure 5-3: XRD pattern for raw CNTs and CNT-Ag 
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5.5 Membrane Preparation 

CNTs doped with silver particles were uniaxially pressed in steel dies with 27-mm 

diameters under 200 MPa. Compaction yielded a disc of φ 27 mm x 3 mm containing 1, 

10 or 20% of silver by mass. These discs were sintered in a horizontal tube furnace (MTI 

Corporation GSL- 1700X) with a programmable temperature controller. Sintering was 

performed at a temperature of 800 °C for 5 hours with a heating rate of 10 
o
C/min. The 

characteristics of the membranes were analyzed by SEM, EDS, porosity, diametrical 

compression test, pure water permeate flux and contact angle measurement. A schematic 

of the membrane synthesis process is presented in Fig. 5-4.   

 

 

Figure 5-4: Schematic of silver doped CNTs membrane synthesis process 
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5.6 Membrane Characterization 

5.6.1 Scanning Electron Microscopy (SEM) 

SEM for the membrane was performed using a Field Emission Scanning Electron 

Microscope (TESCAN MIRA 3 FEG-SEM). The membrane samples were sputtered with 

a 10-nm layer of platinum. Fig. 5-5 shows SEM images of the sintered membrane with 

different loads of silver. It can be seen that silver particles are disparate at lower loading 

levels; however, some aggregation was observed when the amount of silver was larger. 

The membrane seemed to be more porous, as confirmed by the porosity measurement, 

when the silver content was low. As the silver loading increased, the porosity was 

reduced slightly due the presence of the silver particles in the channels that exist among 

the CNTs. 

 

(a)                 (b) 
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(c)          

Figure 5-5: SEM images of the CNT sintered membranes with (a) 1 (b) 10  and (c) 20 % silver 

  

5.6.2 Porosity Measurement 

Porosity of the membranes was measured by the dry-wet method [57], using the 

equations (1-2): 

Porosity = 
𝑊2−𝑊1 

𝜌.𝑉
 𝑥 100 %                            (1) 

       Volume = 


4
 D2

.h                                 (2) 

Where w1 (g) and w2 (g) are the weights of dry and wet membranes, respectively, ρ 

(g/cm
3
) is the density of distilled water at room temperature, V (cm

3
) is the volume of the 

membrane, D (cm
3
)  is the diameter of the membrane, and h (cm) is the height/thickness 

of the membrane.  The weight of wet membrane was measured after dipping into distilled 

water for 24 h. Then, the wet membrane was dried in the oven at 90 °C for 24 h before 
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measuring its dry weight. In order to minimize the experimental error, the experiment 

was repeated three times and the average value was reported in Fig. 5-6. 

The porosity of the membrane increased slightly with the increase in silver content from 

1 to 10 %. This might be due to a more hydrophilic surface of the membrane at 10% Ag 

loading. However, a slight decrease in porosity was observed when increasing silver from 

10 to 20%. This might be because, with the increase in silver content, the spaces between 

CNTs were most likely to be covered by silver particles and hence the porosity was 

slightly reduced. However, the change in porosity of the membrane was very small by 

varying the silver loading. This indicated that the silver content did not bring about a 

major change in porosity of the membrane. The porosity value mainly depends on the 

CNT properties. 

 

Figure 5-6: Porosity of membrane with different silver content 
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5.6.3 Contact Angle Measurements 

The contact angle is an indication of the hydrophilicity of the membrane. The contact 

angle of the membrane surface was measured using a contact angle analyzer (KYOWA, 

model DM-301). The measurement was carried out by dropping a 1-μL droplet of water 

on the membrane surface. 

The experiments were repeated at five different areas, and the mean values were reported. 

It can be seen from Fig. 5-7 that the contact angle decreases with increase in the silver 

content in the membrane. This behavior shows an increase in the hydrophilicity of the 

membrane with the increase in silver content. The hydrophilic nature of the membrane 

facilitates the rapid transport of water molecules through it and thus enhanced the 

permeate flux. 

 

Figure 5-7: Contact angle of membrane versus silver content 
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5.6.4 Diametral Compression Test 

The mechanical strength of CNTs-Ag membranes was measured by the diametral 

compression test. The diametral compression test is frequently used to measure the 

strength of porous materials. It measures the tensile strength of the sample in the 

direction perpendicular to the loading direction. In this test, the membranes were 

diametrally pressed between two flat plates. 

The diametral stress is then calculated as follows [58-59]: 

 = 
2𝑃

 𝐷 𝑡
    (3) 

where P is the load, D is the diameter and t is the thickness of the membrane disc. 

The diametral compression test was performed on alumina discs. The samples used had a 

27-mm diameter and were 3–4 mm thick, as shown in Fig. 5-8. An Instron universal 

testing machine was used to conduct the tests. The samples were diametrally pressed 

between flat plates with a crosshead speed of 0.01 mm/min. A fractured sample is shown 

in Fig. 5-9. It can be observed that the sample fractured into two halves, indicating that it 

underwent a tensile failure [58-60].  

Fig. 5-9 shows the output of the diametral compression test showing the variation of 

compressive stress versus compressive strain. It was observed that the maximum 

compressive strength increased with the increase in silver content in the membrane of up 

to 20% of silver loading. This can be justified due to the improved dispersion of silver 

particles to hold together the CNTs. As a result, the mechanical strength of the membrane 

increased. The maximum strength of 8.5 MPa was observed for the sample with a 20% 

Ag content. 
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Figure 5-8: Diametral compression test curve 

 

 

5.7 Water Permeate Flux Measurement 

Water transport through the membrane mainly depends on the hydrophilicity and porosity 

of the membrane. In general, the permeate flux is higher for hydrophilic membrane 
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surfaces with high porosity. Water permeate flux measurements were performed using a 

flow loop system, as shown in Fig. 5-10. A membrane with an effective area of 5.7 cm
2
 

that can be operated in the pressure range of 1 to 40 psi was used in the system. The flow 

loop system consisted of a membrane module, a feed tank with a 10-L capacity, two 

pressure gauges, flow meters and a high-pressure pump. 

The pure water permeate flux was determined by Eq. (4): 

J = 
𝑉

𝐴.𝑡
                             (4) 

where J is the pure water permeate flux (L. m
−2

. h
−1

), V is the volume of permeate water 

measured in liters (L), and t is the time required for permeate water to pass through 

membrane (h). 

The pure water permeate flux was measured under different conditions, as shown in Fig. 

5-11 and 5-12. Initially, the water flux was measured at different transmembrane 

pressures, i.e., from 1 to 40 Psi. Then, the transmembrane pressure was maintained at 20 

Psi for 30 min and the water permeate flux was measured. The same procedure was used 

to obtain the permeate flux for different pressures. Each pressure was maintained for 10 

min before obtaining readings. 

It can be seen from Fig. 5-11 that the permeate flux increases as the silver content 

increases. The higher permeate flux for membranes with higher silver loads can be 

justified on the basis of two mechanisms. First, at higher silver content, the membrane 

surface is more hydrophilic, as confirmed by the contact angle measurement. This leads 

to improved water transport through membrane. Second, due to the aggregation of silver 
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particles at higher loading, large pores are formed among the CNTs and silver particles; 

hence, the permeate flux will be higher. It can be seen that the two membranes CNT-

10% Ag and CNT-20% exhibit permeate fluxes without application of any hydrostatic 

pressure difference. This indicated the hydrophilic nature of these membranes that 

enhance the permeated flux. However, the porosity is slightly lower when silver lead is 

20% compared to that of 10% confirming therefore the less predominant character of the 

porosity compared to the hydrophobic character. 

 

Figure 5-10: Schematic diagram of flow loop system 
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Figure 5-11: Effect of pressure and silver loading on pure water permeate flux 

 

Figure 5-12: Effect of time on pure water permeate flux 
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5.8 Antibacterial Properties of the Membranes 

The antibacterial properties of CNT-Ag membranes were evaluated using Escherichia 

coli (E. coli). In general, E. coli is selected as a model microorganism in photocatalytic 

experiments due to its wide use as a fecal contamination indicator. E. coli is a Gram-

negative bacterium, and its cell membrane and cell wall have been described in detail 

[58-70]. 

Nutrient broth medium was prepared by dissolving 8 g of nutrient broth in 1000 ml of 

distilled water (pH adjusted to 7.5) and sterilizing at 121 
o
C at 2 bar pressure for 30 min. 

The wild-type E. coli K12 (MG 1655) was grown overnight in nutrient broth at 37 
o
C on 

a rotary shaker (160 rpm). Aliquots of the broth medium containing E. coli were 

inoculated into fresh broth medium and incubated under the same conditions. Then, E. 

coli cells were harvested from the broth culture by centrifugation at 4000×g for 10 min at 

4 
o
C, washing twice with a sterile 0.9% NaCl solution at 4 

o
C. The concentrated bacterial 

solution of E. coli was added to a 10-liter feed tank to have a starting bacterial 

concentration of 1×10
6
 colony forming units per milliliter (CFU/ml). 

The test suspension of E. coli was filtered through the membranes with different loads of 

silver. The pressure was kept constant at 14.7 psi in all of the experiments. An agitator 

was used in the feed tank throughout during experiment to ensure the homogeneous 

mixing of the suspension. Samples (aliquots) were taken from the experimental setup at 

0, 30, 60, 90, and 120 minutes. These aliquots were serially diluted with sterile normal 

saline, and aliquots from each dilution were inoculated separately on nutrient agar plates 

(in triplicate) and incubated at 37 
o
C. Colonies were counted after 48 h and compared 

with each other. 
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Fig. 5-13 shows the bacterial counts of the filtrate obtained after passing through the 

CNT membrane with different loads of silver. It can be observed that for the same initial 

concentration of bacterial suspension, the membrane with 10% silver content showed a 

tremendous antibacterial property. Almost 100% of bacterial were removed/killed by the 

CNT-10% Ag membrane after 1 hour. No bacterial cells were observed in the filtrates 

taken at 90 and 120 min for the membranes with 10 and 20% silver contents. 

Fig. 5-14 to 5-16 shows the images of Luria-Bertani (LB) agar plates after an overnight 

culture of initial E. coli suspension and the filtrate obtained after passing the suspension 

across the membranes at different time intervals. These results confirmed that all of the 

membranes were effective in removing/killing the bacteria; however, the membrane with 

the 10% silver load showed the best anti-bacterial property. 

With an increase in the silver loading from 10 to 20%, the time required to kill/remove 

the bacteria was increased. This might be due to the agglomeration of silver particles at 

20% loading, which might produce large pores in the membrane. As a result, most of the 

bacterial will pass through the membrane. The maximum removal/killing by CNT 

membranes with 10% silver loads might be due to the good dispersion of silver in the 

matrix. Furthermore, the combined antitoxic properties of CNTs and silver led to 

enhanced antibacterial properties. These results are promising and confirmed the 

potential applications of these membranes in real water treatment systems. The possible 

mechanism involved might be the adsorption of E. coli on the silver doped CNTs surface 

at the initial stage and killing/removal by antitoxic properties of CNTs and silver. There 

is also possibility of bacteria removal by sieving once the pores are covered and blocked. 
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Figure 5-13: Bacterial counts CFU at various time intervals for CNT membrane with different loading of silver 
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Figure 5-14: Images of Luria-Bertani (LB) agar plates after overnight culture of (a) Initial Ecoli suspension and 

the filtrate obtained after passing the suspension across 1% Ag-CNT membrane at (b) 30 (c) 60 (d) 90 (e) 120 min 
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Figure 5-15: Images of Luria-Bertani (LB) agar plates after overnight culture of (a) initial Ecoli suspension and 

the filtrate obtained after passing the suspension across 10% Ag-CNT membrane at (b) 30 (c) 60 min 
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Figure 5-16: Images of Luria-Bertani (LB) agar plates after overnight culture of (a) initial Ecoli suspension and 

the filtrate obtained after passing the suspension across 20% Ag-CNT membrane at (b) 30 (c) 60 (d) 90 min 
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5.9 Conclusions 

Silver-doped carbon nanotube membranes with a strong anti-bacterial potential were 

successfully synthesized using a novel approach. The membrane characteristics were 

remarkably influenced by the silver content. The silver not only affects the membrane 

properties but also serves as a welding agent to hold the CNTs together. As the loading of 

silver increased, it transformed the membrane from hydrophobic to hydrophilic, as 

confirmed by contact angle measurements. The porosity of the membrane was observed 

to increase with an increase in silver content from 1 to 10 %. All of the bacteria were 

removed/ killed by membranes with 10% silver loads after passing the suspension for 60 

min only. The produced membrane has the potential to be employed in real water 

treatments system for the removal for a number of contaminants from wastewater. 
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Abstract 

Metal oxide doped-carbon nanotubes were synthesized using a novel approach and 

employed for the removal of hexavalent chromium from aqueous solution. Aluminium 

oxide and iron oxide were impregnated on the surface of carbon nanotubes (CNTs). The 

loading of metal oxide was varied from 1 to 20 wt%. The impregnated CNTs were 

compacted at 300 MPa and sintered at 1400 
o
C to form a compact disc shape membrane. 

Experiments were performed in a continuous filtration system. The removal was affected 

by the metal oxide loading, initial solution concentration, pH and time. Maximum 

removal of 92% of Cr(VI) was observed by membrane with 10% Fe2O3 loading at pH 6 

and initial concentration of 0.5 ppm after 3 hours of operation. Membrane with 10% 

Al2O3 was able to remove 79% of Cr(VI) ions under same experimental conditions. These 

results suggest that the metal oxide doped-carbon nanotube membrane can be effectively 

employed in continuous filtration system for the removal of Cr(VI) ions. 

Keywords: Membrane, metal oxide, water treatment, carbon nanotubes, hexavalent 

chromium. 
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6.1 Introduction 

Heavy metal ions are considered to be toxic to the environment due to their non-

biodegradability and toxicity even at low concentrations [1, 2]. Among these, chromium 

is a well-known, highly toxic metal found in drinking water and is considered to be major 

pollutant. Chromium is found in natural deposits which contain other elements such as 

ferric chromite (FeCr2O4), chrome ochre (Cr2O3) and crocoite (PbCrO4) [3, 4]. Industrial 

sources of chromium are wastewater from textile industry, wood preservation, glass 

industry, dyes and pigments, production of steel and alloys, mining of chrome ore, leather 

tanning, electroplating and metal cleaning [4-7].  

Chromium is naturally found in different oxidation states including 2+, 3+ and 6+. It can 

exist in water as dichromate (Cr2O7
2−

) ions, hydrogen chromate ion (HCrO4
−
), chromic 

acid (H2CrO4) and chromate ion (CrO4
2−

) [8-10]. However, the trivalent Cr(III) and 

hexavalent Cr(VI) are the most stable forms and most likely to be present in water in 

neutral pH range. Chromium concentration in industrial water varies from 5.2 to 208,000 

mg/L [11-12]. The World Health Organization (WHO) has designated a guideline value 

of 0.05 mg/L for chromium in drinking water [13-16]. While the allowable limit for Cr 

(VI) in water as suggested by the US Environmental Protection Agency (EPA) is 

0.1 mg/L [14-17]. 

This stringent limit of chromium in potable water by WHO is due to its severe toxicity to 

human body.  However, Cr (VI) is more toxic (almost 300 times) than Cr(III) due to its 

mutagenic and carcinogenic nature [18]. Exposure to Cr(VI) may cause repository 

problems (asthma), internal hemorrhage, dermatitis, kidney and liver damage, dermatitis 
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and nausea. Skin and eye contact may cause nasal septum, ulceration, irritation, severe 

burn and permanent damage to eye [19-20]. 

Various techniques have been employed for the removal of Cr (VI) from water including 

membrane technologies [21-22], ion exchange [23-26], coagulation, flotation [27], 

solvent extraction [28], cyanide treatment [29] and adsorption [3,8-9].   

However, most of these methods have limited applications due to economical or technical 

constraints. Water treatment by adsorption should provide the most economical and 

practical treatment alternative. Many adsorbents have been used to remove metal ions 

from wastewater, including biomaterials, zeolite, manganese oxides, kaolinite, resins, 

peanut hulls, algal biomass, recycled alum sludge and CNTs [1-2].  However, most of the 

adsorption techniques are batch level and unable to process large amount of contaminated 

water. Membrane process, on the other hand, separates the contaminants based on their 

size only and only specific membrane (nanofiltration range) can be employed to removal 

these pollutants.  

The most common membrane processes used for treating wastewater containing heavy 

metals are ultra-filtration, nanofiltration and reverse osmosis [1-2]. A carbon based 

membrane has the advantage of heavy metal removal by adsorption in addition to sieving. 

Furthermore, the energy consumption is lower due to porous structure of the membrane. 

CNTs have recently attracted considerable attention for synthesis of novel membranes 

with attractive features for water purification [30-31]. CNTs can also be used as direct 

filters and effective fillers to improve the membrane performance [32-33]. CNTs have 

proven to be excellent filler in membrane due to improved permeability, rejection, 
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disinfection and antifouling behavior. The flux of certain molecules through CNTs, as 

estimated by molecular dynamics (MD) simulation have been found to be 3-4 orders of 

magnitude higher than predicted by the Hagen-Poiseuille equation [32-34]. 

This paper describes the application of metal oxide impregnated carbon nanotube 

membranes for the removal of Cr(VI). The loading of metal oxide was varied from 1 to 

20 wt%. The experiments were performed in a continuous flow loop system. The effect 

of pH, metal oxide loading in the membrane, initial concertation of the solution and time 

weas investigated on the removal of Cr(VI).  

6.2 Experimental Details 

6.2.1 Membrane Preparation and Characterizations 

Carbon nanotubes impregnated with Fe2O3 and Al2O3 nanoparticles were synthesized and 

characterized using the procedure described in the previous chapters. The impregnated 

CNTs were characterized by Scanning Electron Microscope (SEM), Energy-dispersive 

X-ray spectroscopy (EDS), X-ray powder diffraction (XRD) and Thermogravimetric 

Analysis (TGA), while the membranes were characterized by measuring their porosity, 

contact angle, diametrical compression test and pure water flux [30-31].  

6.2.2 Water Flux Measurement 

Water flux measurements were performed using a flow loop system, as shown in Fig. 6-

1. The flow loop system consisted of a membrane module, a feed tank with 10 L 

capacity, two pressure gauges, flow meters and a high-pressure pump. 

The pure water flux was determined by Eq. (1): 
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J= V/A.t                              (1) 

where J is pure water flux (L.m
−2

 .h
−1

), V is the volume of permeate water measured in 

liter (L), and t the time in hours required for permeate water to pass through membrane 

(h). The optimum pressure of 14.7 psi was used in all heavy metal removal experiments.  

The pure water permeate flux was measured under different conditions, as shown in Fig. 

6-2. Initially, the water flux was measured at different transmembrane pressures, i.e., 

from 1 to 40 psi. Then, the transmembrane pressure was maintained at 20 psi for 30 min 

and the water permeate flux was measured. The same procedure was used to obtain the 

permeate flux for different pressures. Each pressure was maintained for 10 min before 

recording readings. It can be seen from Fig. 6-2 that the permeate flux increases as the 

metal oxide content increases. The higher permeate flux for membranes with higher 

metal oxide loads can be justified on the basis of two mechanisms. First, at higher metal 

oxide content, the membrane surface is more hydrophilic, as confirmed by the contact 

angle measurement [30-31]. This leads to improved water transport through membrane. 

Second, due to the aggregation of metal oxide particles at higher loading, large pores are 

formed among the CNTs; hence, the permeate flux is higher.  
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Figure 6-1: Schematic diagram of flow loop system 
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(b) 

Figure 6-2: Effect of transmembrane pressure on pure water flux on (a) CNT-Fe2O3 (b) CNT-Al2O3 membrane 

 

6.2.3 Hexavalent Chromium Removal 

Hexavalent chromium solution of 1 ppm with an initial volume of approximately 10 L 

was prepared in the feed tank. The solution pH was adjusted using 1M NaOH or 1M 

HNO3. The pressure and flow rate were adjusted accordingly and the solution is pumped 

continuously through the membrane. Permeate was collected at different time intervals. 

The effect of initial concentration, time and loading of metal oxide in membrane was 

studied on the removal of Cr(VI). Inductively coupled plasma mass spectrometry (ICP-

MS) was employed to measure the concentration of Cr(VI) before and after the flux 

experiment. 

The removal can be determined using the equation: 

R = 1− Cp/Cf                               (2) 
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where Cp and Cf  are the concentrations of solute in permeate and feed, respectively.   

Table 6-1 shows the experimental conditions for the removal of Cr(VI) using different 

CNT-Fe2O3 and CNT-Al2O3 membranes. 

Table 6-1: Experimental conditions 

Exp No. Membrane Pressure (psi) pH Concentration (ppm) 

1 CNT-10% Fe2O3  14.7 3,6,8 1  

2 CNT-1% Fe2O3  14.7 6 1,5,10 

3 CNT-10% Fe2O3  14.7 6 1,5,10 

4 CNT-20% Fe2O3  14.7 6 1,5,10 

5 CNT- 10%Al2O3  14.7 3,6,8 1  

6 CNT- 1%Al2O3  14.7 6 1,5,10 

7 CNT- 10%Al2O3  14.7 6 1,5,10 

8 CNT- 20%Al2O3  14.7 6 1,5,10 

 

6.3 Results and Discussion 

6.3.1 Effect of Feed pH  

Solution pH is an important parameter to determine the removal of heavy metal by 

carbon based materials. The Cr(VI) removal experiments were performed using the 

membranes with 10% aluminium oxide and iron oxide loading in the pH range 3-8. 

Results of the analysis are shown in Fig. 6-3.  

The effect of pH on adsorption of Cr(VI) ions can be explained on the basis of ionic 

chemistry of the solution and surface charge of the adsorbents. Depending upon the 
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chromate concentration and solution pH, Cr( VI) may exists in different ionic states 

including hydrogen chromate (HCrO4
−
),  dichromate (Cr2O7

2−
) and chromate (CrO4

2−
). 

The equilibrium between the chromate (CrO4
2-

) and dichromate ions (Cr2O7
2−

) in aqueous 

solution
 
is shown by the reaction (equation 3) [17, 35]. 

2CrO4
2−

 + 2H
+
 ↔ Cr2O7

2−
 + H2O    (3) 

Dichromate ions (Cr2O7
2−

) are the dominant species at low pH, while at high pH, only 

chromate (CrO4
2-

) ions exists in the solution. At low pH, the dominant species Cr2O7
2−

 is 

converted to HCrO4
−
, which can be easily turned to Cr(III) ions due to high redox 

potential (1.33V), as shown by equations 4 & 5 [29,37]. 

     Cr2O7
2−

 + H2O     ↔   2HCrO4
−  

          (4) 

HCrO4
− 

+7H
+
 +3e 

 
→  Cr(III) + H2O      Eo=1.33V     `(5) 

However, at high pH, the dominant species chromate (CrO4
2-

) is converted to a 

precipitate of Cr(OH)3 due to low redox potential (-0.13V), as shown in equation (6) 

[17,36] 

Cr2O7
2−

 + H2O +3e
  
→  Cr(III) + 5OH

-
      Eo=-0.13V      (6) 

From Fig. 6-3, it can be seen that the removal efficiency of Cr(VI) for all the membranes 

is higher at low pH values. This can be explained on the basis of the positively charged 

surface of the membranes at lower pH.  The electrostatic interaction between the 

positively charged adsorbents surface and Cr2O7
2−

 anions is responsible for higher 

removal efficiency of Cr(VI) at low pH. However, at high pH, the Cr(VI) removal 

efficiency is lower due to competition between the chromate (CrO4
2-

) and OH
-
 ions, to 
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cover the limited adsorption sites. Furthermore, surfaces of the adsorbents carry more 

negative charges, which lead to repulsion between the adsorbents surface and CrO4
2-

 ions.  

As shown in Fig. 6-4, the point of zero electric charge (pHPZC) value for aluminium oxide 

and iron oxide doped CNTs are 7 and 6.2, respectively. This demonstrated that both 

metal oxides show a basic character [38]. At pH < pHPZC, the membrane surface is 

positively charged and attraction exists between the surface and Cr(VI) 
 
ions yielding  

high removal. At pH > pHPZC, the surface of the membrane becomes more negatively 

charged and repulsion between Cr (VI)
 
ions and negative surface is responsible for the 

low removal.  

Although the maximum removal was observed at pH 3, however, the membranes also 

showed significant removal of Cr (VI) at pH 6. As the typical pH of drinking water is in 

the range of 6-8, therefore, all the experiments were performed at pH 6 to explore the 

potential of these membranes for Cr(VI) removal for practical applications. 
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(b) 

Figure 6-3: Effect of pH on the percentage removal of hexavalent chromium ions by (a) CNT- Fe2O3 and (b) 

CNT-Al2O3 membrane (initial concertation=1ppm, time=3 hours) 

 

 

Figure 6-4: Variation of zeta potential values with pH of CNT-Al2O3 and CNT-Fe2O3 
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6.3.2 Effect of Initial Concentration 

Fig. 6-5 presents the effect of initial concentration of the solution on the percentage 

removal of Cr(VI) ions. Initial concentration of the solution was varied from 0.5 to 10 

ppm, while the other experimental conditions were pH 6, time 3 hours and 

transmembrane pressure 14.7 psi. It can be deduced that a maximum removal of 92 and 

79 % is achieved by CNT-Fe2O3 and CNT-Al2O3, respectively at 0.5 ppm. The removal 

decreases with increase in initial concentration from 0.5 to 10 ppm. This might be due to 

the fact that at high concentration, all the available adsorption sites are expected to be 

covered by the Cr(VI) ions. 

 

Figure 6-5: Effect of initial concertation on the percentage removal of Cr(VI) ions by CNT- 10%  Fe2O3 and 

CNT-10% Al2O3 membranes (contact time=3 hours, pH 6) 

 

6.3.3 Effect of Time 

In order to study the effect of time on the removal of Cr(VI) ions, the experiments were 

performed under constant pH 6 and initial concentration of 0.5 ppm. The samples were 
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collected after every 30 min and analyzed. Results of the analysis are presented in Fig. 6-

6. It can be seen that the percentage removal of Cr(VI) increases with increase in time 

until 3 hours of operation. After 3 hours, no significant increase in removal is observed 

and the equilibrium is achieved for all the membranes. Maximum removal of 92% is 

achieved with CNT-10% Fe2O3 membrane in 3 hours. The higher removal at 10% iron 

oxide loading might be due to uniform distribution and attachment of the Fe2O3 particles 

to the CNTs surface. At 1% loading, the Fe2O3 particles might not cover the spaces 

between the CNTs properly and few adsorption sites are introduced. At higher loading of 

20%, some agglomeration takes place leading to increase in porosity. Due to higher 

porosity, the water flux is high and the contact time between the metal ions and 

membrane surface is reduced.   
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Figure 6-6: Effect of time on the percentage removal of hexavalent chromium ions by CNT- Fe2O3 and CNT-

Al2O3 membranes (initial concertation=0.5 ppm, pH 6) 

 

6.4 Conclusions 

Metal oxide-doped carbon nanotube membranes were successfully synthesized using a 

novel approach. The membrane was able to remove low concentration of Cr(VI) ions 

from aqueous solution in a continuous flow loop system. The removal was affected by 

the metal oxide loading, initial solution concentration, pH and time. Maximum removal 

of 92% of Cr(VI) was observed at pH 6 and initial concentration of 0.5 ppm by CNTs 

membrane with 10% Fe2O3 loading after 3 hours of operation. Membrane with 10% 

Al2O3 was able to remove 79% of Cr(VI) ions under similar experimental conditions. 

These results suggest that the CNT- metal oxide membrane can be effectively employed 

in continuous filtration system for the removal of Cr(VI) ions. 
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7 CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS  

7.1 Conclusions 

Metal oxide-doped carbon nanotube membranes were successfully synthesized using a 

novel approach. Iron oxide, aluminum oxide and silver nanoparticles were impregnated 

on the surface of CNTs. Metal oxide particles not only affected the membrane properties 

but also served as a welding agent to bond the CNTs together. 

The permeate flux and rejection rate of sodium alginate (SA) were determined to predict 

the antifouling behavior of the iron oxide-doped carbon nanotube membranes. All the 

iron oxide doped CNT membranes were effective in removing the SA from water. A 

maximum removal of 90 and 88% of SA was achieved for membranes with a 10 and 1 

wt% iron oxide content, respectively, after 3 h. A maximum flux of 1490 L·m
− 2

·h
− 1

 was 

observed for the membrane with a 50 wt% iron oxide content. The presence of iron oxide 

particles transformed the CNT-based membrane from hydrophobic to hydrophilic, as 

confirmed by contact angle measurement. A maximum tensile strength of 11.2 MPa was 

observed for the membrane containing 20% iron oxide. A negligible reduction in the 

permeate flux was observed with time for all membranes. 

The silver-doped CNT membranes showed a high water permeate flux and exhibited 

strong antibacterial properties. The affinity of the membranes to biofouling was studied 

using Escherichia coli (E. coli) bacteria. All of the membranes with different silver 

loadings were able to remove/kill 100% of the bacteria; however, the CNT membrane 



204 

 

with 10 wt% silver showed a superior performance to the other membranes with 1 and 20 

wt% silver loading. All bacteria were removed/killed in only 60 min by the membrane 

with 10 wt% silver loading after the suspension was passed through the membrane. The 

combined antitoxic properties of silver and CNTs led to enhanced antibacterial 

properties.  

Metal-oxide doped-carbon nanotube membranes were also employed for the removal of 

hexavalent chromium from aqueous solution. Experiments were performed in a 

continuous filtration system. The removal was affected by the metal oxide loading, initial 

solution concentration, pH and time. Maximum removal of 92% of Cr(VI) was observed 

at pH 6 and initial concentration of 0.5 ppm by membrane with 10% Fe2O3 loading after 

3 h of operation. Membrane with 10% Al2O3 was able to remove 79% of Cr(VI) ions 

under similar experimental conditions. These results suggest that the CNT- metal oxide 

membrane can be effectively employed in continuous filtration system for the removal of 

Cr(VI) ions. These membranes would be advantageous in a continuous filtration system 

for the removal of different contaminants from water via desalination, adsorption and 

sieving. 
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7.2 Recommendations 

Based on the current work, some recommendations are made for the successful 

implementation of the CNTs membranes in water treatment. 

 The major challenge in the synthesis of carbon nanotube membranes is the 

comparative low mechanical strength. It is recommended to explore other 

materials to be used as welding agent for holding the CNTs together with the aim 

to enhance the mechanical strength of the membranes. 

  Furthermore, work should be done to control the porosity of the membrane. 

  It is recommended to use the CNTs with open tips so that the inner channels can 

also be used as a flow path for water molecules.  

 The orientation of CNTs can also affect the flux and removal of contaminants. It 

is suggested to explore the techniques for the alignment of CNTs for the improved 

performance. 

 The CNT membranes might have potential application in desalination. The use of 

CNT membranes as an electrode might be a breakthrough in this field. 

 Besides CNTs, the potential of other members of carbon family should be 

explored for the synthesis of similar membranes. 

 One of the major challenges for the practical implantation of CNT membrane is 

the cost of CNTs. Development of novel techniques for the large scale production 

of CNTs with a cost effective procedure will be helpful for the practical 

application of these membranes in commercial water treatment plants. 
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