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Abstract 

Global water scarcity is an enormous and yet imminent challenge for our time. Industries such as 

machinery manufacturing, metallurgy, etc., generate increasing volumes of wastewaters 

containing heavy metals.  These wastewaters are often directly or indirectly discharged into the 

environment. Heavy metals are not biodegradable; therefore, they can accumulate in the body, 

creating severe health problems such as cancer, nausea, or even death. It is necessary to remove 

heavy metals from wastewaters before their discharge to the environment. There are different 

methods to do that. Among them, membrane separation technology is a promising method for 

wastewater treatment. In particular, nanofiltration (NF) membranes, due to their rejection 

mechanism (size exclusion and charge repulsion), are most suitable to remove s heavy metals from 

wastewater. A new class of high-performance semipermeable membranes for reverse osmosis 

(RO), nanofiltration (NF), and forward osmosis (FO) applications are thin-film nanocomposite 

(TFN) membranes. 

In this work, novel NF TFN membranes were fabricated by incorporating the functionalized 

halloysite nanotubes (HNTs) with the first generation of poly(amidoamine) (PAMAM) dendrimers 

(G1). Also, the same membranes were used for the removal of heavy metals in FO separation. The 

combination of FO and NF processes represents the novel two-stage FO-NF hybrid process for 

heavy metal removal.  

The membranes showed high rejections of Na2SO4 (97%-98%) and MgCl2 (82%-90%) in NF tests. 

Although lower than Na2SO4, the rejections of MgCl2 are much greater than those reported in the 

literature. The remarkable rejections of MgCl2 are attributed to positively charged HNTs-G1 

nanoparticles incorporated in the selective polyamide (PA) layer of TFN membranes. The FO 

experiments using MgCl2 as a draw solution revealed excellent rejections of Cu2+ and Pb2+ by TFN  

membranes ranging from 95% to 98%. The presence of heavy metal in the feed solution enhanced 

the FO performance of the membranes. In particular, the reverse flux of draw solute (MgCl2) 

decreased by at least 2.5 times compared to the experiments with pure water as a feed. 

Simultaneously, the water flux also increased. The improved FO performance in the presence of 

heavy metals is attributed to their adsorption by the membranes.  
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Résumé 

La pénurie mondiale d'eau est un défi énorme et pourtant imminent pour notre époque. Des 

industries telles que la fabrication de machines, la métallurgie, etc., génèrent des volumes 

croissants d'eaux usées contenant des métaux lourds. Ces eaux usées sont souvent rejetées 

directement ou indirectement dans l'environnement. Les métaux lourds ne sont pas biodégradables; 

par conséquent, ils peuvent s'accumuler dans le corps, créant de graves problèmes de santé tels que 

le cancer, des nausées ou même la mort. Il est nécessaire d'éliminer les métaux lourds des eaux 

usées avant leur rejet dans l'environnement. Il existe différentes méthodes pour y parvenir. Parmi 

elles, la technologie de séparation par membrane est une méthode prometteuse pour le traitement 

des eaux usées. En particulier, les membranes de nanofiltration (NF), en raison de leur mécanisme 

de rejet (exclusion de taille et répulsion de charge), sont les plus appropriées pour éliminer les 

contaminants tels que les métaux lourds ou les sels des eaux usées. Une nouvelle classe de 

membranes semi-perméables hautes performances pour les applications d'osmose inverse (RO), 

de nanofiltration (NF) et d'osmose directe (FO) sont les membranes nanocomposites à couches 

minces (TFN). 

Dans ce travail, de nouvelles membranes NF TFN ont été fabriquées en incorporant des nanotubes 

d'halloysite (HNT) fonctionnalisés avec la première génération de dendrimères de poly 

(amidoamine) (PAMAM) (G1) pour améliorer les performances des membranes NF pour 

l'adoucissement de l'eau. En outre, les mêmes membranes ont été utilisées pour l'élimination des 

métaux lourds lors de la séparation par osmose directe (FO).. La combinaison des procédés FO et 

NF représente le nouveau procédé hybride FO-NF en deux étapes pour l'élimination des métaux 

lourds. 

Les membranes ont montré des rejets élevés de Na2SO4 (97% -98%) et MgCl2 (82% -90%) dans 

les tests NF. Bien que inférieurs à Na2SO4, les rejets de MgCl2 sont beaucoup plus importants que 

ceux rapportés dans la littérature. Les rejets remarquables de MgCl2 sont attribués à des 

nanoparticules HNTs-G1 chargées positivement incorporées dans la couche de polyamide sélectif 

(PA) des membranes TFN. Les expériences FO utilisant MgCl2 comme solution de tirage ont 

révélé d'excellents rejets de Cu2+ et Pb2+ par les membranes TFN allant de 95% à 98%. La présence 

de métaux lourds dans la solution d'alimentation a amélioré les performances FO des membranes. 
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En particulier, le flux inverse du soluté de tirage (MgCl2) a diminué d'au moins 2,5 fois par rapport 

aux expériences avec de l'eau pure comme alimentation. Simultanément, le flux d'eau a également 

augmenté. L'amélioration des performances des FO en présence de métaux lourds est attribuée à 

leur adsorption par les membranes. 
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Chapter 1.  Introduction 

1.1.  Overview of the thesis 

Water is the foundation of life. Water shortage is one of the most difficult challenges of our time. 

According to the world health organization (WHO), nearly 1 billion people have difficulty 

accessing safe water, resulting in various health problems worldwide. It has been estimated that 2 

million people die each year due to the lack of safe and drinkable water[1,2]. Industries such as 

machinery manufacturing, metallurgy, etc., have developed much faster in the last decade. Heavy 

metals, i.e., elements with an atomic mass between 63.5 and 200.6 and a specific gravity greater 

than 5, are among the major contaminants in wastewater, which are therefore directly or indirectly 

discharged into the environment [3]. Many different approaches have been proposed to remove 

heavy metals from wastewater, of which membrane technology is one of the most promising 

approaches [1–10].  

Membrane technology is unique because of its simplicity of operation, no need for chemical 

additives, etc. This technology is used in various water-related applications, such as drinking water 

treatment, wastewater treatment, and brackish water treatment. The heart of the membrane 

technology is a membrane, a thin and selective barrier that enables the transport of specific 

compounds between two media [11]. Although there is intensive research on inorganic membranes, 

organic polymer membranes dominate in practical applications. There are different materials to 

fabricate polymer membranes. They include polysulfone (PS), polyethersulfone (PES), cellulose 

acetate (CA), poly(vinylidene fluoride) (PVDF) [11–13]. Membranes are classified according to their 

specific application, Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF), Reverse 

Osmosis (RO), and Forward  Osmosis (FO)[14].  Table 1-1 shows the general information for 

different membrane types. The smaller the pore size, the smaller the solute that can be rejected by 

the membrane. Also, the smaller pores, the higher the operating pressure is required. Since the 

establishment of NF membranes in the 1970s, NF has been used in wastewater treatment such as 

water softening and other separation applications such as dairy products,  pharmaceutical 

purifications, etc. [15,16]. 
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This thesis focuses on the NF and FO processes and develops novel thin-film nanocomposite 

(TFN) membranes with enhanced separation performance for heavy metal removal. The selective 

layer properties determine the properties of high and medium-pressure membranes (e.g. NF 

membranes). The porous support layer is necessary for the NF membrane to provide mechanical 

support, and it does not affect membrane productivity. However, unlike the NF process, the 

support layer dramatically influences the productivity of the FO process. The porous sublayer is 

responsible for internal concentration polarization (ICP), unique to FO processes. The ICP reduces 

the osmotic pressure, thereby reducing the driving force for water transport. Therefore, unlike NF 

membranes, which only require the optimization of the selective layer, the FO membranes require 

the optimization of both the selective and porous sublayer. This thesis focuses only on optimizing 

the selective layer on the same support sublayer (a commercial UF membrane) for both processes. 

Our approach's primary assumption is that if a selective layer can reject a given solute (e.g. heavy 

metals) in the NF process, it will also reject it in the FO process. Moreover, if a designated draw 

solute is rejected in the NF process, its transport – reverse solute flux – will be minimized in the 

FO process. The latter is necessary to generate the osmotic pressure gradient for the water transport 

in the FO process. 

Conventionally, heavy metals are removed from wastewater by using a single-stage NF or RO 

process. The main disadvantage of using these high-pressure processes is the high fouling 

tendency. To lower the fouling tendency, which is detrimental to membrane performance, we 

propose using a hybrid two-stage FO-NF process, shown in Figure 1-1. In the first stage (FO), the 

heavy metals are rejected absence of hydraulic pressure. At the same time, water permeates from 

the wastewater feed to a draw solution. Subsequently, the diluted draw solution is regenerated in 

the NF process (second stage) while producing the final product - pure water. The key to this 

concept is the membrane. The membrane should have an excellent rejection of the draw solute and 

heavy metals. At the same time, the membrane should be highly permeable to water. As stated 

above, we focus only on developing the selective layer, which will be assessed in the NF process 

and subsequently verified in the FO process. The optimization of the porous sublayer, which plays 

a critical role in FO processes' productivity, is not considered in this thesis.  
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Table 1-1. Types of the membranes based on their filtration class[14] 

Membrane type Pore size (nm) Typical target 

removed 

Operating 

pressure (bar) 

MF 50-500 Yeast and bacteria 1-2 

UF 2-50 Viruses and colloidal 

solids 

2-10 

NF ≤ 2 Viruses, divalent and 

multivalent ions 

8-30 

RO 0.3-0.6 Almost all impurities 10-80 

FO 0.3-0.6 Almost all impurities - 

 

 

Figure 1-1. The concept of the hybrid process (FO-NF) 

1.2.  Principles of the NF and FO processes  

1.2.1.  Rate equations 

It is generally assumed that transport in NF and FO processes follows a solution-diffusion 

(SD) model. According to the SD model, the rate equation for the water flux (Jw) in NF membranes 

is given by:  

 𝐽𝑤 = 𝐴(∆𝑝 − ∆𝜋) (1) 
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where A is the water permeability coefficient, p and  are the hydraulic and osmotic pressure 

gradients across the membrane, respectively. The osmotic pressure for a dilute solution of an 

electrolyte is given by (van’t Hoff equation): 

 𝜋 = 𝑖𝑐𝑅𝑇 (2) 

where: i is the number of ionic species each molecule will dissociate, and c is the molar 

concertation of solute.  For concentrated electrolyte solutions, Eq. (2) is modified by multiplying 

it by a dimensionless osmotic pressure coefficient (). There is specialized software, for example, 

OLI Stream analyzer (OLI Systems, USA), which allows evaluation of the osmotic pressure of a 

wide variety of solutions. 

The rate equation for the salt flux (Js), on the other hand, is given by:   

 𝐽𝑆 = 𝐵(𝑐𝑚 − 𝑐𝑝) (3) 

where: B is the solute permeability coefficients, respectively, and cm and cp are the solute 

concentrations at the membrane surface at the feed and permeate sides, respectively. Typically, cm 

is greater than cf, the latter being the solute concentration in the bulk feed solution. The situation 

in which cm > cf indicates an external concentration polarization (ECP), which is undesirable. First, 

the ECP increases the driving for the solute transport across the membrane and, secondly in 

increases the osmotic pressure gradient across the membrane, which leads to a decrease in the 

water flux. Typically, NF membranes are rated based on their water flux (productivity) and their 

apparent (observed) rejection (SR), which is defined as:   

 𝑆𝑅 = (1 −
𝑐𝑝

𝑐𝑓
) × 100% (4) 

Consequently, the ECP leads to a simultaneous decrease in both membrane productivity and 

selectivity. Since cf >> cp, it is assumed that the concentration of solute in bulk permeate solution 

and that on the membrane surface are similar. In other words, there is no concentration polarization 

at the permeate side of the membrane. 

The basis for transport and separation in FO processes is the difference between the 

osmotic pressure across a semi-permeable membrane resulting from the difference in solute 

concentration in draw solution (cd) and feed solution (cf). In FO processes, the solvent (water) is 

transported from the feed solution into the draw solution across the membrane, which implies cd > 
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cf.  In the absence of hydraulic pressure gradient, assuming the applicability of the SD model, the 

rate of the water flux is given by:  

 𝐽𝑊 = 𝐴(𝜋𝑑,𝑚 − 𝜋𝑓,𝑚) (5) 

where A is the water permeability, the same as in Eq. (1), and the subscript m signifies that the 

osmotic pressures of the draw and feed solutions are based on the solute concentrations, cd,m and 

cf,m, on the respective membrane surfaces. The osmotic pressures d,m and f,m could be 

significantly different from the respective bulk osmotic pressures d,b and f,b.  

 Unlike NF processes, the solute flux (Js) in FO processes moves in the opposite direction 

to the water flux. Assuming applicability of the SD model, the solute flux, which is also referred 

to as the reverse solute flux, is given by an equation similar to Eq. (3): 

  𝐽𝑆 = 𝐵(𝑐𝑑,𝑚 − 𝑐𝑓,𝑚) (6) 

The water and solute fluxes' opposite directions give rise to an inherent internal concentration 

polarization (ICP). Unlike the ECP, which can be significantly reduced by creating turbulence near 

the membrane surface to facilitate the transport of the rejected solute from the membrane surface 

back to the bulk solution, the ICP is not reduced by external turbulence because it occurs within 

the pores of the support layer of the membrane. On the other hand, since there is no applied 

hydraulic pressure, the ECP in FO processes is less severe than in pressure-driven NF processes.  

 Forward osmosis systems can be operated in two different membrane orientations, the 

Active Layer facing Draw Solution (AL-DS) and the Active Layer facing Feed Solution (AL-FS). 

The AL-DS orientation is also referred to as the Pressure Retarded Osmosis (PRO) mode, and the 

AL-FS orientation is the Forward Osmosis (FO) mode. In the PRO mode, f,m > f,b and the 

resulting concentration polarization is referred to as a concentrative ICP. On the other hand, in the 

FO mode, d,m < d,b and the resulting concentration polarization is referred to as dilutive ICP. The 

extent of the ICP, in either case, depends on the solute resistivity (R) in porous support [17–19]: 

 𝑅′ =
𝐿𝑠

𝐷𝑒𝑓𝑓
 (7) 
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where Ls is the thickness of the porous support and Deff is the diffusivity of solute in the porous 

sublayer. If Ls is very small and/or Deff is very large, f,m → f,b in the PRO mode and d,m → d,b 

in the FO mode, which maximizes the water flux.  

1.2.2.  Separation mechanism of NF membranes 

In the SD model, the membrane is treated as a "black box." In other words,  the SD model does 

not provide information on the mechanism of separation in the membrane.  

NF membranes have a pore size between UF and RO membranes. Consequently, the NF 

membranes have unique properties between the UF and RO membranes. The NF membranes 

require lower operating pressures and are associated with higher water flux than RO membranes. 

However, they are not suitable for the rejection of monovalent solutes such as NaCl. On the other 

hand, they can effectively reject multivalent ions, including heavy metals [20]. Although NF 

membranes are not as productive as the UF membranes, their ability to reject heavy metals often 

present in wastewaters makes them attractive for wastewater treatment[21].  

The separation in NF membranes is based on the sieving (steric) and Donnan potential 

mechanisms. NF membranes' surface typically carries some electrical charge, and Donnan 

potential is created between charged ions in the NF membrane and the co-ions in the effluent. 

Repulsion will happen between the charged surface of the membrane and the ions of the same 

charge. Simultaneously, to maintain electroneutrality, the counter-ions of these co-ions will also 

be rejected [18]. Consequently, the rejection of neutral species in NF is solely based on size 

exclusion. On the other hand, ions' rejection is also possible by the electrostatic interactions [5,22]. 

The latter is typically more dominant than the former. This is why NF membranes are not suitable 

for rejecting monovalent ions, while most multivalent ions are retained [23]. For this reason, NF 

membranes are very attractive for the removal of heavy metals from water [19,24].  

The two main challenges of NF membranes or membranes in water-related applications are the 

trade-off between selectivity and permeability and membrane fouling. Membranes with higher 

rejection usually possess lower water permeability and vice-versa. The membrane fouling 

accumulates the retained substance on the surface and/or inside the membrane pores. The 

membrane fouling leads to a significant decrease in membrane productivity, which can be 

irreversible. Consequently, fouling can decrease the lifetime of the membrane significantly. The 
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membrane fouling is accelerated in pressure-driven processes. Therefore, although not as severe 

as in RO processes, it is also a key obstacle in NF processes [11]. A pre-treatment of the feed stream 

can reduce fouling. However, a pre-treatment adds to the operating cost of the membrane process.   

One common approach to address a trade-off and membrane fouling problems is adding 

nanoparticles into the membrane's selective layer. The resulting membranes, referred to as thin-

film nanocomposite (TFN) membranes, have gained a lot of attention. The incorporation of 

nanoparticles affects the structure and physicochemical properties of the resulting TFN membranes 

compared to the base thin-film composite (TFC) membranes responsible for productivity and 

selectivity. Nanoparticles also affect the membranes' surface properties, directly improving their 

antifouling capabilities [25]. 

1.3.  Research objectives 

This research aims to develop a suitable membrane for a hybrid FO-NF process to remove heavy 

metals from wastewater. The membrane is to reject not only heavy metals but also low molecular 

weight divalent salts. The latter is to be a draw solution in the FO process. The same membrane 

will be utilized in both NF and FO processes, but the former will be used in the membrane 

development part to optimize membrane properties. This approach assumes that if solutes are 

rejected in the NF process, they will also be rejected in the FO process. This assumption will be 

verified experimentally.   

A commonly used interfacial polymerization (IP) technique, in which the selective membrane 

layer is synthesized by polymerizing a water-soluble monomer with a hexane-soluble monomer, 

will be utilized to synthesize TFC and TFN membranes using commercial UF membranes as 

porous support.  The properties of TFN membranes can be adjusted by selecting appropriate 

nanoparticles, which are incorporated in the membranes' selective layer.  In this study, we selected 

halloysite nanotubes (HNTs) modified by the first generation of poly(amidoamine) (PAMAM) 

dendrimers as the nanoparticles. These nanoparticles were used previously in our lab to prepare 

TFN membranes for RO application [25]. The difference between TFN RO and TFN NF membranes 

is the water-soluble monomer in the IP synthesis. Our study used piperazine (PIP), a standard 

monomer, to prepare TFC NF membranes. Therefore, the specific objectives of this thesis are: 
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1) Synthesis of TFC membranes by in-situ interfacial polymerization of piperazine (PIP) with 

1,3,5-benzenetricarbonyl trichloride (TMC). 

2) Synthesis of TFN membranes by dispersing halloysite nanotubes (HNTs) modified by the 

first generation of poly(amidoamine) (PAMAM) dendrimers in TMC solution before 

interfacial polymerization with PIP. 

3) A complete physicochemical characterization of the synthesized TFC and TFN membranes 

and their NF performance with low-molecular-weight divalent salts and heavy metals.  

Selection of the best-performing membrane for the FO tests. 

4) Determination of the FO performance of the selected NF membranes with pure water and 

an aqueous heavy metals solution as a feed.  

5) Comparison of NF and FO membrane performance and assessing suitability of using the 

same membrane in the FO-NF hybrid process to remove heavy metals.  

 

1.4.  Thesis Structure 

This thesis consists of four chapters. The first chapter (current) presents a general introduction to 

the project, outlines the relevant theoretical background, and explains this research's general and 

specific objectives. The 2nd and 3rd chapters are written in the article format. Chapter 2 focuses on 

the fabrication and characterization of TFN membranes for NF application and finding the suitable 

draw solute for the FO process. Chapter 2 covers the specific objectives 1-3. Chapter 3 focuses on 

removing heavy metals from a feed using the FO process, which utilizes the membrane developed 

in Chapter 2. Chapter 3 covers the 4th specific objective. The results from Chapters 2 and 3 allow 

assessing the suitability of removing the heavy metals in a hybrid FO-NF process. Chapter 4 

provides general conclusions of this research and outlines recommendations for future work. The 

appendix also presents a recently published article in the Journal of Membrane Science, which 

used the same type of nanoparticles as those in this study for a low-pressure RO application. The 

candidate is one of the co-authors of this publication to which he contributed by testing the 

membranes as part of his MEng Project.  
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Abstract 

Incorporating nanoparticles (NPs) into the selective layer of thin-film composite (TFC) 

membranes is a common approach to improve the performance of the resulting thin-film 

nanocomposite (TFN) membranes. In this study, we used halloysite nanotubes (HNTs) modified 

by the first generation of poly(amidoamine) (PAMAM) dendrimers (G1) as the NPs. The TFN and 

reference TFC membranes were fabricated by in-situ interfacial polymerization of piperazine (PIP) 

and 1,3,5-benzenetricarbonyl trichloride (TMC). When synthesizing TFN membranes, the NPs 

were dispersed in the TMC solution before the polymerization with PIP. The modified HNTs were 

characterized by ATR-FTIR, TEM, SEM, zeta potential, and thermogravimetric TGA analyses. 

Fabricated membranes were also characterized by SEM, ATR-FTIR, Zeta potential, and contact 

angle measurements. Membranes' selectivity and pure water flux were evaluated in cross-flow 

nanofiltration (NF) system using 3000 ppm aqueous solutions of MgCl2, Na2SO4 and NaCl, 

respectively, as feed at 10 bar and ambient temperature. All membranes showed high rejections of 

Na2SO4 (around 97-98%) and low NaCl rejections (less than 40%), with the corresponding water 

fluxes greater than 100 L m-2 hr-1. The rejection of MgCl2 (ranging from 82 to 90%) was less than 

Na2SO4. However, our values are much greater than those reported in the literature for other TFN 

membranes. The remarkable rejections of MgCl2 are attributed to positively charged HNTs-G1 

nanoparticles incorporated in the selective polyamide (PA) layer of TFN membranes. Considering 

the combination of the water flux and MgCl2 rejection, the TFN membrane with 0.05% of 

nanoparticle loading appears to have the best NF performance. 
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2.1.  Introduction 

Membrane separation is widely used for water desalination, solvent purification, and wastewater 

treatment in different industries such as petrochemical, food, etc. Pressure-driven processes such 

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

commonly used technologies [1–6]. The RO membranes, which can reject monovalent salts, are 

the most selective among membranes for pressure-driven processes. Still, they require high 

operating pressures and hence are energy-intensive.  Although not suitable for the rejection of 

monovalent salts, NF membranes can effectively separate multivalent salts and heavy metals from 

aqueous solutions and require lower operating pressures. At the same time, the NF membranes are 

more permeable than the RO counterparts. Therefore, NF, which is also referred to as low-pressure 

RO, has become an exciting field of research in membrane separation technology used for water 

desalination, solvent purification, and wastewater treatment [7–9].  

The pore size of the NF membranes is between UF membranes and RO membranes. Generally, 

the NF membranes have a charged surface; therefore, in addition to the size exclusion, they can 

reject solutes, such as different inorganic salts and organic molecules, based on an electrostatic 

repulsion [10,11].  The NF membranes can be categorized into two groups: integrally-skinned 

asymmetric and thin-film composite (TFC) structures. The first group is mostly formed by a phase 

inversion process, while a standard method to prepare TFC NF membranes is interfacial 

polymerization (IP)[12]. The TFC membranes, consisting of an ultra-thin selective polyamide 

(PA) layer and porous polymeric support, are widely used as NF membranes and dominate the 

market. To optimize TFC membrane performance, the porous support structure and the selective 

PA layer can be independently modified [13,14]. The performance of TFC membranes can be 

improved by incorporating nanoparticles (NPs) such as halloysite nanotubes (HNTs), titanium 

oxide (TiO2), titanium nanotubes (TNTs), carbon nanotubes (CNTs) into the support or the 

selective layer of the membrane. The resulting membranes represent a new category of membranes 

referred to as thin-film nanocomposite (TFN) membranes [15–20]. 

HNTs with a molecular formula of Al2Si2O5(OH)4·nH2O have natural multi-layer 

aluminosilicates. They are an excellent nanofiller candidate for polymeric membranes for water 

treatment applications due to their low production cost, unique structure, and minimal 
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environmental risk [21]. HNTs exterior surface is composed of siloxane groups with some 

hydroxyl groups, which enable their functionalization [20,22]. In some studies, HNTs were used 

to synthesize TFN forward osmosis (FO) and NF membranes, which improved membranes' 

antifouling properties and performance [23,24]. For example, Ghanbari et al. used HNTs for water 

desalination by TFN FO membranes[18]. They reported that by incorporating 0.05% (W/V) of 

HNTs into the selective layer, the water flux increased 50%. Ormanci-Acar et al. fabricated TFN 

NF membranes by incorporating different amounts of HNTs in the membrane's selective layer 

[23]. They evaluated the rejection of their TFN NF membranes with MgSO4 and observed that the 

resultant TFN membrane showed an increase in water flux without a noticeable salt rejection loss. 

Despite great potential, there are also some significant problems with TFN membranes; for 

example, nanoparticles (NPs) tend to aggregate, resulting in uneven distribution of NPs in the 

selective layer, leading to defects in the membrane structure[20]. Another critical challenge for 

TFN membranes is that NPs could have a toxic effect on the environment and living organisms if 

they leach out of the membrane. One of the methods to overcome all of the above-stated problems 

is the surface modification of NPs. By functionalizing the NPs, they can be better dispersed in the 

selective layer resulting in more stable and more selective TFN membranes[18].  

Poly(amidoamine) (PAMAM) dendrimers have a hyperbranched hydrophilic structure consisting 

of many amine groups. PAMAM dendrimers have high hydrophilicity. Grafting them directly or 

through NPs into a membrane could increase its hydrophilicity and enhance the antifouling 

properties[25]. Asempour et al. fabricated RO TFN membranes by incorporating modified HNTs 

with the first generation of poly(amidoamine) (PAMAM) dendrimers into the selective layer. They 

reported that the resulting membranes were more stable compared to the TFN membranes with 

unmodified HNTs. Also, they had a higher water flux without sacrificing their rejection in brackish 

water desalination compared to other TFN and reference TFC membranes[20]. 

In this study, we hypothesize that the approach used by Asempour et al. to improve the 

performance and stability of TFN RO membranes is also applicable for TFN NF membranes. 

Consequently, we synthesized TFC and TFN membranes by in-situ interfacial polymerization (IP) 

of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC) on commercial ultrafiltration 

(UF) membrane (PS35). We dispersed different loadings of modified HNTs with PAMAM 
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dendrimers into TMC solution before the IP when preparing TFN membranes. The modified NPs 

and NF membranes were thoroughly characterized using different methods, including membrane 

performance tests.   

2.2.  Experimental 

2.2.1.  Material 

The Sloecta Inc. company donated polysulfone ultrafiltration membrane (PS35) with a molecular 

weight cut-off of 20,000 Da. Piperazine (PIP), 1,3,5-benzenetricarbonyl trichloride (TMC), n-

hexane, aminopropyltriethoxysilane (APTES), ethanol, diethyl ether, dimethylformamide (DMF), 

ethylenediamine (EDA), magnesium chloride (MgCl2), sodium sulphate (Na2SO4), and sodium 

chloride (NaCl) were all laboratory grades and purchased from Sigma-Aldrich. Delta-Dolsk, 

Poland, provided HNTs. Deionized water was used to prepare PIP solution, and distilled water was 

used to wash the membranes and prepare aqueous feed solutions.  

 

2.2.2.  Functionalization of HNTs 

The detailed synthesis procedure of dendrimers and functionalization of HNT are fully described 

elsewhere [26]. Briefly, acid treatment was the first step in functionalization to remove all 

contaminants. In this step, a mixture of HNTs and aqueous HCl solution (35%) were magnetically 

stirred for 24 hours and then washed with distilled water. For the HNTs' amine functionalization 

(HNT-NH2), the dry acid-treated HNTs were refluxed with APTES solution in toluene (4/15 (v/v)) 

for 12 hours at 60°C. For synthesizing the first generation of the PAMAM dendrimers on HNTs 

(HNTs-G1), 32.15 g of the HNTs-NH2 was reacted (Micheal reaction) with methyl acrylate (15 

mL) in ethanol solution at 60oC for 24 hours. The final solution was put into a centrifuge to separate 

the HNTs. Before drying the HNTs at 60°C, the HNTs were washed and centrifuged with diethyl 

ether, ethanol, and methanol to remove impurities. In the next step, ethylene diamine was added 

to the mixture of HNT in ethanol and stirred at 60°C for 24 hours. After the separation of the HNT 

by centrifugation, the resulting NPs, HNT-G1, were washed with distilled water and dried. Figure 

2-1 shows the chemical structure of the functionalized HNTs. 



17 

 

 

Figure 2-1. Schematic structure of the HNTs-G1[20] 

 

2.2.3.  Synthesis of the TFC and TFN membranes 

The PS35 UF membrane was used as a substrate for the thin PA layer formation, synthesized by 

in-situ interfacial polymerization of monomers PIP and TMC. Fabrication of the TFC membrane 

started with pouring a 2% (W/V) solution of PIP in deionized water on the substrate. After 5 

minutes, the excess solution was drained off using a Teflon roller (any visible droplets were 

removed from the surface). This was followed by pouring 0.05% (W/V) solution of TMC in n-

hexane on the support for 1 minute; after that, the excess solution was drained off, and the 

membrane was rinsed thoroughly with n-hexane. Afterward, the membranes were placed in the 

oven for 10 minutes at 95 ºC (Figure 2-2). In the end, the TFC membranes were rinsed with 

distilled water and stored in deionized water. The only difference in synthesizing TFC and HNT-

based TFN membrane is in their TMC solution. Different amounts of NPs were dispersed in the 

TMC solution in n-hexane solution (Table 2-1). To minimize the NPs agglomeration, the resulting 

suspension was sonicated for 1 hour before the IP. TFN membranes were named according to the 

concentration of  HNTs-G1 in the solution of TMC in n-hexane. 
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Figure 2-2. Schematic representation of fabrication of TFC membrane 

 

Table 2-1. Monomer concentration and HNTs-G1 loading for the fabrication of  TFC and TFN membranes. 

Membrane 
PIP in H2O 

(w/v) % 

TMC in n-hexane  

(w/v) % 

HNTs-G1 in TMC/n-hexane 

(w/v) % 

TFC 2 0.05 0 

TFN (0.025%) 2 0.05 0.025 

TFN (0.05%) 2 0.05 0.05 

TFN (0.1%) 2 0.05 0.1 

2.2.4.  Nanofiltration performance 

To evaluate the solute rejection and water flux of the membranes, they were tested in a cross-flow 

system with three parallel membrane cells. Each cell has an effective area for permeation of 17.54 

cm2. The system, which is shown schematically in Figure 2-3, is described elsewhere [27]. The 

feed solution's temperature and pressure were 25 ± 2 ºC and 10-20 ± 0.1 bar, respectively. The 

feed flow rate was controlled at 2.4 ± 0.2 L/min.  Permeate flux (J) [L.m-2.hr -1] was calculated by 

Eq.(1), using the volume of collected permeate (V) [L], per area of the membrane (A) [m2], and 

time (t) [hr]. The membrane selectivity was evaluated using 3000 ppm single-solute aqueous 

solutions, including MgCl2, Na2SO4, and NaCl. Also, Table 2-2 lists the critical parameters of 

different salt ions. The pH of the salt solutions was in the range of 6-7. The salt rejection (R) was 
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calculated by Eq. (2), in which Cp and Cf are the salt concentration of permeate and feed, 

respectively. The concentration of feed and permeate solution was measured by an Oakton CON 

6+ conductivity meter.  

J =  
V

A ×   t
  (1) 

R =
Cf − CP

Cf
× 100%  (2) 

 

 

Figure 2-3. Cross-flow NF membrane testing system, PI, FI and, TI stands for pressure, flow and 

temperature indicator, respectively[27] 

 

Table 2-2.Hydrated radius of different salts[28] 

Ion Hydrated radius (Å) 

Cl- 3.32 

SO4
2- 3.79 

Na+ 3.58 

Mg2+ 4.28 
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2.2.5.  Membranes and nanoparticles characterization 

To determine the percentage of functionalization of HNTs, a Q5000 thermal gravimetric analyzer 

(TGA) (TA Instruments Ltd, USA) was used. Under the nitrogen atmosphere, the heating rate was 

10 °C/min from 30 °C to 800 °C. The top surface of the membrane's morphology was evaluated 

by using scanning electron microscopy (SEM). All of the samples were coated by gold sputtering. 

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectra of the membranes 

(TFC and TFN membranes) and NPs were obtained using a Nicolet 6700 FTIR with a diamond 

crystal (Thermo Fisher) equipment. OMNIC ™ software was utilized to analyze the spectra. To 

investigate the TFC and TFN membranes' hydrophilicity, VCA Optima goniometer (AST 

products, Inc., Billerica, MA) was used. The morphology of the nanoparticle was characterized 

using a TEM(Philips CM30). Also, the zeta potential of the surface of membranes was conducted 

by a zeta analyzer (Zetasizer PSS0012-22, Malvern Instruments). 

 

2.3.  Result and discussion 

2.3.1.  Characterization of the nanoparticles  

The characterization of NPs is similar to the last work [20]. Figure 2-4 shows the TEM image of 

the acid-washed HNTs. It is known that HNTs are heterogeneous in size [29]. HNTs have a tubular 

structure with the inner diameter and outer diameters of 28 nm and 170 nm, respectively. Figure 

2-5 presents the SEM images of acid-washed HNTs and HNTs-G1. The arrows in Figure 2-5 show 

the diameter and the length of the HNTs. It appears that the modification of the HNTs does not 

change the morphology and the structure of HNTs. 
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Figure 2-4. TEM image of acid-washed HNTs[20] 

 

 

Figure 2-5. SEM images of a) HNTs b) HNTs-G1[20] 

The effects of the modification on the surface charge of the NPs were investigated by using zeta 

potential. The summary of zeta potential analysis is presented in Table 2-3. Due to the existence of 

the hydroxyl groups, the surface of the unmodified HNTs is negatively charged. After 

functionalization with the first generation of PAMAM dendrimers, the zeta potential of HNTs-G1 
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increases to +2.2 mV. The changes in zeta potential after modification of HNTs indicate amino-

functionalized groups' presence on the surface of HNTs in the first generation of PAMAM 

dendrimers.  

The summary of TGA analyses is also presented in Table 2-3. The percentage of weight loss at 

800oC of HNTs-G1 (22.94%) is greater than that of HNTs (17.65%). Subtracting the percentage 

of weight loss of HNTs from the percentage of weight loss of HNTs-G1, which is 5.29 %, is a 

measure of the organic weight increment resulting from functionalization of HNTs with the first 

generation of PAMAM dendrimers.   

 

Table 2-3. TGA and Zeta potential results of modified HNTs 

NPs 
Weight loss at 800°C 

(%) 

Zeta potential 

(mV) 

HNTs 17.65 - 34.5 

HNTs-G1 22.94 + 2.2 

An appropriate way to evaluate the chemical reaction that occurs when modifying the HNTs is the 

ATR-FTIR analysis. Figure 2-6 shows the ATR-FTIR spectra of HNTs and HNTs-G1. The peaks 

of HNTs, which appear at 3621 and 3695 cm−1, are the stretching vibration of the inner surface of 

Al-OH groups[20]. The peaks at 1630 and 910 cm−1 are ascribed to the OH bending vibrations 

associated with the interlayer molecules of HNTs of water and Al-OH, respectively. The peak 

related to the stretching bond of Si-O appears at 1030 cm−1. In the spectrum of the HNTs-G1, two 

new peaks appear at 1646 and 1562 cm-1. These peaks result from the N–H bond's stretching 

vibrations and bending vibrations of the C–N bond, respectively. Therefore, Fig. 6 confirms the 

expected chemical reaction associated with the functionalization of HNTs with the first generation 

of PAMAM dendrimers. 
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Figure 2-6. ATR-FTIR spectra of HNTs and HNTs-G1. The arrow shows the presence of a new peak 

according to amid group 

From the results presented in this section, it is evident that the functionalization of HNTs with the 

first generation of PAMAM dendrimers was successful. 

 

2.3.2.  Characterization of the Membranes 

The results of the contact angle measurement are illustrated in Figure 2-7. The reported values and 

their corresponding error bars represent the average and standard deviation from at least 10 

droplets of DI water, each with a volume of 2 µL for a given type of membrane. Despite some 

overlapping of the error bars, it is evident that the incorporation of HNTs-G1 has decreased the 

water contact angle, indicating an increase in surface hydrophilicity of the resulting membranes. 

Among the TFN membranes, the lowest and highest water contact angles are for the TFN(0.05%) 
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and the TFN(0.025%), respectively. The increase of contact angle for 0.1 % could be related to the 

agglomeration of HNTs-G1. Agglomeration of NPs could result in more exposure of silane groups 

leading to a decrease of hydrophilicity of agglomerated HNTs.   

 

Figure 2-7. Top surface water contact angle of TFC and TFN membranes. 

Figure 2-8 shows the SEM images of the top surface TFC and TFN membranes. The surface of 

the TFC membrane appears to have a uniform nodular structure. Incorporating HNTs-G1 leads to 

horizontal cylindrical particles' appearance on the top surface, which could be the NPs. There are 

also some irregular particles on the surface of the TNF-G1 membranes (Figs 2.8 B and D), which 

could be agglomerates of HNTs penetrating the top surface. Interestingly, these distinctive features 

are most evident on the TFN-G1 membrane with the lowest percentage of NPs. While TFN 

membranes' surface remains to have a nodular structure in the background, the size of nodules is 

smaller than that on the TFC membrane's surface. Moreover, as the percentage of HNTs-G1 

increases, the membrane surface becomes less uniform. The nodular structure is typical for 

membranes that are synthesized by interfacial polymerization [30,31].  
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Figure 2-8. SEM images of the top surface of (A) TFC (B) TFN(0.025%) (C) TFN(0.05%) (D) 

TFN(0.1%) membranes. 

Figure 2-9 presents the FTIR spectra for the PS35, TFC, and TFN membranes. To normalize the 

membranes' FTIR spectra, each spectrum's peak was divided by the intensity of the internal 

reference, i.e. the peak at 1584 cm-1, which is attributed to the polysulfone. Table 2-4 presents the 

normalized intensities of all peaks in the ranges corresponding to amide Ι (1618–1720 cm−1), 

aromatic amide (1600–1620 cm−1), and various peaks in the 3120–3706 cm−1 range corresponding 

to the PS35 support. Interestingly, the amide peaks are also present in the PS35 support. This is 

probably due to the manufacturer's modification of the polysulfone to enhance the substrate's water 

flux [20]. Moreover, the intensity of amide peaks on PS35 support is lower than in TFC and TFN 

membranes. Therefore, based on the results in Table 2-4, it can be concluded that the PA layer was 

formed in all TFC and TFN membranes.  
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Figure 2-9. FTIR spectra of the PS35 (support), TFC, and TFN membranes. 

Table 2-4.  Total peak area under 1618–1720 cm−1(amideΙ), 1600–1620 cm−1(aromatic amide), and various 

peaks in the 3120–3706 cm−1 range for the PS35 (support), TFC and TFN membranes. 

Membrane Primary amide 

(1618-1720 cm-1) 

Aromatic amide 

(1600-1618 cm-1) 

3120-3706 cm-1 

PS35 15.6 2.6 123.2 

TFC 16.7 3.2 29.1 

TFN (0.025%) 18.4 3.5 36.5 

TFN (0.05%) 18.8 3.7 44.3 

TFN (0.1%) 17.3 3.3 30.6 
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The surface charge of the TFC and TFN membranes was evaluated by measuring their surface zeta 

potential under different pH levels. In turn, the zeta potential of the selective layer influences solute 

rejection of NF membranes. Figure 2-10 summarizes the zeta potential results. In general, the zeta 

potential of all membranes decreases with an increase in the pH. In other words, the surface charge 

in a basic environment is greater than that in an acidic one. At acidic pH, TFN membranes' zeta 

potential is less negative than that of the TFC membrane. There is no clear trend at neutral pH. 

However, at the basic pH, the surface charge of TFN membranes is greater than that of the TFC 

membrane. This phenomenon can be attributed to the amine groups via incorporating HNTs 

functionalized with the first generation of PAPAM dendrimers. The zeta potential results are in an 

acceptable agreement with the enhanced membrane hydrophilicity (Figure 2-7) [32]. The residual 

COCl functional groups in TMC monomer are turned into carboxylic acid groups (COOH) by 

hydrolyzation in the aqueous solution, which leads to negatively charged membranes [33]. 

 

 

Figure 2-10. Surface zeta potential of TFC and TFN membranes. 
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2.3.3.  Membranes separation performance 

The TFC and TFN NF membranes' separation performance was examined with 3000 ppm feed 

solution of different salts at 10 bar and 25°C. Figure 2-11 shows the pure water flux of the TFC and 

TFN membranes. The reported values and the corresponding error bars represent the average and 

standard deviation from at least 4 coupons for a given type of membrane. The water flux of the 

pristine TFC membrane of 115 L.m-2.hr-1, is higher than the TFN membranes. The lowest water 

flux of  96 L.m -2.hr -1 is observed for the TFN membrane with the lowest loading of NPs (0.025%). 

According to the contact angle measurements (Figure 2-7), TFN membranes are more hydrophilic 

than the reference TFC membrane. Therefore, the expected trend of increased water flux with 

increased surface hydrophilicity of the membrane is not observed. On the other hand, considering 

only TFN membranes, the water flux correlates very well with these membranes' water contact 

angle. It is important to note that considering the error bars' magnitude, the differences between 

different membranes' water fluxes are insignificant.  

Figure 2-12 shows the TFC and TFN membranes' rejection of inorganic salts (MgCl2, Na2SO4, 

NaCl). As expected, the rejection of NaCl by all membranes is very low (around or below 40%). 

NF membranes are not suitable for the separation of monovalent salts. The general trend for 

rejection is Na2SO4 > MgCl2 > NaCl. Although NaCl and Na2SO4 have the same monovalent 

cation (Na+),  the hydration radius of SO4
2- is higher than Cl- [33,34]. However, the difference in 

the hydration radii, i.e. size exclusion, is not the main reason for the difference in the rejections of 

NaCl and Na2SO2. As seen in Figure 2-10, all membranes fabricated in this study were negatively 

charged, which is generally the case for NF membranes. The negatively charged NF membranes 

have a higher rejection toward divalent SO4
2- anions than monovalent Cl- anions due to stronger 

electrostatic repulsion. Electroneutrality of the feed solution then requires corresponding rejections 

of the Na+ cations. Therefore, the Donnan effect is the main reason for a huge difference in the 

rejections of NaCl and Na2SO2. The size exclusion also contributes to the rejection of dissolved 

salts in the NF process. For example, MgCl2 and NaCl have the same anion  (Cl-), but the divalent 

Mg2+ has a larger hydration radius than the Na+; therefore, the MgCl2 rejection is higher than NaCl 

because of size exclusion [28,33,34].  
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The dominance of the Donnan effect over the size exclusion in NF filtration explains a higher 

rejection of Na2SO4 compared to MgCl2. As seen in Table 2-2, among all ions, Mg2+ has the highest 

hydration radius. Yet, since the membranes are negatively charged, the rejection of the salts must 

be primarily determined by the rejection of anions. In contrast, the rejection of the corresponding 

cations must follow accordingly to maintain the feed solution's electroneutrality. 

 

Figure 2-11. Pure water flux performance of the TFC and TFN membranes at 20 bar and 25°C. 

 

TFC TFN(0.025%) TFN(0.05%) TFN(0.1%)

0

20

40

60

80

100

120

140

160

F
lu

x 
(L

.m
-2

.h
r-1

)

TFC TFN(0.025%) TFN(0.05%) TFN(0.1%)

0

20

40

60

80

100

R
e

je
c
ti
o
n

 (
%

)

 MgCl2

 Na2SO4

 NaCl



30 

 

 

Figure 2-12.  Rejection performance of different salts for the TFC and TFN with 3000 ppm feed aqueous 

solution 10 bar and 25 °C. 

Table 2-5 compares the performance of our TFN membranes based HNTs-G1 with TFN 

membranes based on other nanomaterials. Since NF tests can be carried out at different feed 

pressures, the productivity of the membranes in Table 2-5 is compared based on water permeance 

rather than the water flux. The water permeance is a pressure gradient-normalized water flux. It 

can be noticed that many membranes reported in Table 2-5 are more productive than our TFN 

membranes, and some also exhibit a comparable or even higher rejection of Na2SO4. However, 

compared to other membranes listed in Table 2-5, our TFN membranes exhibit very high rejection 

towards MgCl2. Only poly(doamine) MWCNT-based TFN membranes reported by  Zhao et al. [49] 

exhibit similar rejection as our membranes. These authors claim that a high rejection of MgCl2 by 

poly(doamine) MWCNT-based TFN membranes is due to a positive surface charge of the 

membrane. Consequently, the Donnan effect arises from the repulsion of divalent Mg2+ cations 

rather than monovalent Cl- anions. As shown in Figure 2-10, our TFC and TFM membranes are 

negatively charged. However, since HNTs-G1 are positively charged (Table 2-3), they slightly 

decrease the negative charge of the resulting TFN membranes (Figure 2-10). Also, in the vicinity 

of positively charged HNTs-G1, the rejection should be governed by the repulsion of positively 

charged Mg2+ cations.  In other words, as the HNTs-G1 loading increases, the rejection of MgCl2 

should increase. This trend is indeed present in Figure 2-12 despite the size of the error bars.   

Considering high rejections of Na2SO4 and MgCl2, the TFC and TFN membranes fabricated in this 

study are suitable for water softening, requiring removing multivalent salts. However, due to their 

unique high rejection of MgCl2, a commonly used draw solute, our membranes could also be used 

in forward osmosis (FO) separations using MgCl2 as a draw solution. High rejection of  MgCl2 in 

NF separation promises a low reverse flux of MgCl2 in FO applications. Although the rejection of 

Na2SO4 by our membranes was higher than MgCl2, the former has a higher molecular weight than 

the latter. Therefore, an aqueous solution of MgCl2 of a given weight percentage concentration 

will create a higher osmotic pressure than an aqueous solution of Na2SO4 of the same 

concentration.  
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Chapter 3 will examine the forward osmosis performance of our TFC and TFN membranes in the 

presence and absence of heavy metals in the feed solution to evaluate their potential for heavy 

metal removal from wastewater. 

 

Table 2-5. Performance comparison between TFN (HNTs-G1) membrane and other reported TFN 

membranes 

Nanomaterial 

MgCl2 

rejection 

(%) 

Na2SO4 

rejection 

(%) 

Water permeance 

(L.m -2.hr -1. bar -1) 

Salt 

concentration 

(g.L-1) 

Ref 

HNTs-G1 * 90.25 96.88 5.65 3 This work 

ATP 20 92 23 1 [35] 

GO - 96.56 15.63 1 [36] 

TiO2 @ GO 6.2 98.8 5.60 1 [37] 

GO-COCl * - 97.1 3.76 1 [38] 

ZNGs 41.1 97.8 10.63 1 [39] 

COFs (SNW-1) - 83.5 19.25 1 [40] 

SGO - 96.45 2.37 2.5 [41] 

PDA-Si * 68 97 13.33 1 [42] 

NH2-SWCNT 51.63 96.34 17.8 2 [43] 

Aluminosilicate 

SWCNT 

- 97 <1.2 2 [44] 

PMMA- MWNT * - 99 7 2 [45] 

Poly(doamine) 

MWCNT 

91.5 45.2 15.32 1 [46] 

* NPs added into the organic phase, all of the other NPs were added into the aqueous phase. 

 

The TFC rejection for MgCl2, Na2SO4, NaCl is 84.35 %, 98.20 %, and 41.45 %, respectively. For 

the rejection of the MgCl2, it seems that NPs had a positive effect. The rejection trend is in order 

of TFN(0.05%) > TFN(0.1%) > TFN(0.025%) > TFC. The highest MgCl2 rejection is for 

TFN(0.05%), with an average of 90.25 %. The rise of the rejection for MgCl2 and decreasing its 

difference with Na2SO4 can be attributed to the decrease of the negative charge from TFC to TFN 
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membranes[47], as can be seen in Figure 2-10. As Figure 2-10 illustrates, TFN membranes have a 

less negatively charged surface compared to TFC membranes in the pH range of the experiments 

(pH 6-7). Therefore, based on the Donnan effect, it can be concluded that the rejection of Mg2+ by 

TFN membranes increased, and to maintain the electroneutrality, the rejection of Cl- also 

increased. 

For the Na2SO4, the rejection slightly decreases by increasing the NPs loading. Although the TFN 

membranes' average rejection is slightly smaller than the TFC membrane, it is still greater than 95 

%. The average rejection trend for the Na2SO4 is in order of TFC > TFN(0.025%) > TFN(0.1%)  

> TFN(0.05%). The NaCl rejection is poor in comparison to MgCl2 and Na2SO4. It is due to the 

molecule size of NaCl, which is smaller than the pores of the membrane; therefore, they can easily 

pass through the membrane. 

 

2.4.  Conclusions 

Halloysite nanotubes (HNTs) modified by the first generation of poly(amidoamine) (PAMAM) 

dendrimers were used as nanoparticles (NPs) in the fabrication of thin-film nanocomposite (TFN) 

membranes. The TFN and reference TFC membranes were synthesized by in-situ interfacial 

polymerization of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC). When 

synthesizing TFN membranes, the NPs were dispersed in the TMC solution before the 

polymerization with PIP. The modified HNTs were characterized by ATR-FTIR, TEM, SEM, zeta 

potential, and thermogravimetric TGA analyses. Fabricated membranes were also characterized 

by SEM, ATR-FTIR, zeta potential, and contact angle measurements. The membranes were also 

evaluated in cross-flow nanofiltration (NF) tests using 3000 ppm aqueous solutions of MgCl2, 

Na2SO4 and NaCl, respectively, as feed at 10 bar and ambient temperature.  

All membranes showed high rejections of Na2SO4 (around 97-98%) and low NaCl rejections (less 

than 40%), with the corresponding water fluxes greater than 100 L m-2 hr-1. The rejection of MgCl2 

(ranging from 82 to 90%) was less than Na2SO4. However, our values are much greater than those 

reported in the literature for other TFN membranes. Since for the same weight percentage in 

aqueous solution, the osmotic pressure MgCl2 is much greater than Na2SO4; the former is more 

desirable as a draw solute than the latter. The remarkable rejections of MgCl2 are attributed to a 
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less negative surface charge of TFN membranes. Because HNT-G1 nanoparticles are positively 

charged, their incorporation into the selective layer helps to reject MgCl2 to the level that is 

acceptable for its application as a draw solute. By considering the combination of the water flux 

and MgCl2 rejection, the TFN membrane with 0.05% of nanoparticle loading appears to have the 

best NF performance. 
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Abstract 

Novel TFN membranes, which exhibit good nanofiltration performance with MgCl2 and Na2SO4  

solutions, were tested for the removal of heavy metals (Cu and Pb) from synthetic wastewater in 

dynamic forward osmosis experiments. The TFN membranes were fabricated on top of a 

commercial PS35 ultrafiltration membrane by in-situ interfacial polymerization of piperazine 

(PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC) containing different amounts of dispersed 

functionalized halloysite nanotubes (HNTs) nanoparticles. The HNTs nanoparticles were 

functionalized with the first generation of poly(amidoamine) (PAMAM) dendrimers. The TFN and 

the reference TFC membranes showed excellent rejections of Cu and Pb, ranging from 95% to 

98%. The TFN membranes showed higher rejection to Cu than Pb, while the opposite was 

observed for the reference TFC membranes. The presence of heavy metal in the feed solution 

enhanced the FO performance of all membranes. In particular, the reverse flux of draw solute 

(MgCl2) decreased at least 2.5 times compared to the experiments with pure water as a feed. 

Simultaneously, the water flux also increased. The improved FO performance of the membranes 

in the presence of heavy metals is attributed to their adsorption by the membranes. The adsorption 

of heavy metals was confirmed and quantified by the mass balance. All membranes showed a 

greater affinity towards Pb than Cu.   
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3.1.  Introduction 

Due to the fast development of the industries, many wastewaters containing heavy metals are 

discharged into the environment. Metals with an atomic mass between 63.5 and 200.6 and a 

specific gravity of more than five are classified as heavy metals[1]. Examples of heavy metals 

include zinc (Zn), copper (Cu), nickel (Ni) and lead (Pb). Heavy metals at low concentrations are 

vital for living organisms, including humans. However, at higher concentrations, they become 

toxic and harmful. For example, zinc is a crucial element for human health and is vital for living 

tissue's physiological functions. On the other hand, too much zinc can cause severe health 

problems, including skin irritation, vomiting, and nausea. Copper is essential for animal 

metabolism. However, copper's excessive ingestion can create toxicological problems such as 

cramps, vomiting, and even death.  Nickel is known as a human carcinogen. Also, excessive nickel 

concentrations can bring about severe kidney and lung problems. Finally, lead can also cause 

severe kidney problems and damage the liver and central nervous system [1,2]. Since heavy metals 

are not biodegradable, they must be removed from wastewaters [1]. 

There are different methods to remove heavy metals from wastewater, such as chemical 

precipitation, adsorption, ion exchange, coagulation-flocculation, and membrane separation. The 

latter is environmentally friendly, offers high separation efficiency and energy savings [2]. 

Different membrane separation processes, including microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), and reverse osmosis (RO) have been considered for heavy metal removal. 

However, NF and RO are the most feasible for heavy metal removal from wastewater. The NF 

mechanism for separation relies on size exclusion and the Donnan potential. In addition to these 

two, RO also relies on the solution-diffusion mechanism. Both the NF and RO are pressure-driven 

membranes; therefore, they both require external pressure. The higher the pressure, the higher the 

energy consumption, which increases the process's operating cost. Also, membranes used in 

pressure-driven processes are prone to fouling, which greatly reduces the membrane's life in NF 

and RO processes [1–3].  

The NF and RO membranes can be used in forward osmosis (FO) separations, which do not require 

external pressure. In the absence of external pressure, fouling tendency is significantly reduced. 

However, the FO separation is not a stand-alone process; it must be combined with another 
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process.  An example of a hybrid process involving FO osmosis for heavy metal removal is shown 

in Figure 3-1. In the FO process, heavy metals are rejected. At the same time, pure water permeates 

from the feed to the draw solution. Water permeation occurs because of an osmotic pressure 

gradient created by a solute in the draw solution. Therefore, the permeating water in the FO process 

is not the final product as it dilutes the draw solution. The purpose of the second stage, an NF 

process, is to regenerate the draw solution while producing pure water. The advantage of a hybrid 

process is nanofiltration of "clean" draw solution rather than direct nanofiltration of "dirty" 

wastewaters; this minimizes membrane fouling. The membranes for the FO and NF steps in Fig. 

1 could be the same. If the NF-stage membrane effectively rejects the draw solute, it will also 

prevent a reverse draw solute transport in the FO-stage. Therefore, the membranes for the first 

stage in Fig. 1 are often referred to as "NF-like FO" membranes [4]. The hybrid process in Fig. 1 

can also be used for water desalination. However, since monovalent salts (e.g. NaCl) are to be 

rejected in the FO stage, the process would require an RO membrane or "RO-like FO" membrane 

[5–8]. Heavy metals occur as multivalent salts; it is thus sufficient to use NF-like FO membranes 

for heavy metal removal from wastewater. Moreover, NF-like FO membranes could achieve 

higher water flux than RO-like FO membranes due to a looser selective layer  [4,6,8].  

 

Figure 3-1. A hybrid two-stage FO-NF process for heavy metal removal from wastewater. 
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There is an increasing number of examples of NF-like FO applications. Abdullah et al. used 

commercial NF membranes in PRO and FO processes for treating aerobically treated palm oil mill 

effluent (AT-POME) [9]. They reported that the colour (i.e., impurity) of AT-POME could be 

removed entirely using magnesium chloride (MgCl2) as a draw solution. Abdullah et al. also used 

four commercial NF membranes in the FO and PRO processes for copper ion removal from 

wastewater [4]. They reported near-complete removal of copper removal regardless of the 

membrane type and membrane orientation associated with low reverse draw-solute flux [4]. 

Setiawan et al. tested different types of in-house-made NF hollow fibre membranes in the FO 

process with pure water as a feed and 0.5 mol. L-1 MgCl2 as a draw solution [10]. They reported a 

water flux as high as 9.74 L.m-2.h-1. Su et al. developed cellulose acetate-based NF membranes 

and studied the effect of draw solution concentration and membrane orientation (PRO vs FO) on 

the water flux [11]. Using 0.5 – 2.0 mol.L-1 of MgCl2 as a draw solution, they reported a higher 

water flux in the PRO mode (2.7 – 7.3 L.m-2.h-1) than in the FO mode (1.8 -5.0 L.m-2.h-1).  

In the previous chapter, we reported on the synthesis and characterization of novel thin-film 

nanocomposite (TFN) membranes with different loadings of functionalized halloysite nanotubes 

(HNTs). The HNTs were functionalized by the first generation of poly(amidoamine) (PAMAM) 

dendrimers. The TFN and the reference thin-film composite (TFC) membranes were fabricated by 

in-situ interfacial polymerization (IP) of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride 

(TMC). The membranes exhibited a high water flux (greater than 100 L.m-2.h-1) and high rejection 

of Na2SO4 (>95%) and MgCl2 (>85%). Although the rejection of MgCl2 was lower than Na2SO4, 

it was still higher than the values for many NF membranes in the literature. Moreover, some TFN 

membranes had MgCl2 rejection higher than 90%.   

Given a good performance NF of TFC and TFN membranes reported in Chapter 2 (2nd stage in 

Figure 3-1), we considered them as NF-like FO membranes to remove heavy metals from 

wastewater (1st stage in Figure 3-1). We, therefore, report the FO performance of  TFC and TFN 

membranes in the experiments with pure water and synthetic wastewater as a feed, respectively. 

The wastewater was mimic by the respective 200 ppm solutions of copper and lead salts in 

deionized water. All experiments were performed in a novel experimental system, which allows 

continuous monitoring of the progress of dynamic FO tests. In addition, we also used some TFC 
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and TFN membranes to perform comparative NF tests with synthetic wastewater containing 

copper salt.   

 

3.2.  Experimental 

3.2.1.  Materials 

The Sloecta Company Inc. donated polysulfone ultrafiltration membrane (PS35) with a molecular 

weight cut-off of 20,000 Da. Piperazine (PIP), 1,3,5-benzenetricarbonyl trichloride (TMC), n-

hexane, aminopropyltriethoxysilane (APTES), ethanol, diethyl ether, dimethylformamide (DMF), 

ethylenediamine (EDA), Copper (ΙΙ) sulphate pentahydrate (CuSO4.5H2O), and lead (ΙΙ) nitrate 

(Pb(NO3)2) were all laboratory grades and purchased from Sigma-Aldrich. Also, magnesium 

chloride (MgCl2) was purchased from Sigma-Aldrich and used as a draw solution. Deionized water 

was used to make PIP solution, and distilled water was used to wash the membranes and prepare 

and draw solutions.  

 

3.2.2.  Functionalization of HNTs 

The detailed synthesis procedure of dendrimers and functionalization of HNT are fully described 

elsewhere [12]. Briefly, the first step was acid treatment to remove the contaminant. HNTs were 

magnetically stirred with a 35% HCl solution for 24 hours and then washed with distilled water. 

For the functionalization of HNTs with the amine (HNT-NH2), the dry acid-treated HNTs were 

refluxed with a solution of APTES and toluene (4/15 (v/v)) for 12 hours at 60 °C. To synthesize 

the first generation of the PAMAM dendrimers on HNTs (HNTs-G1), 15 mL of methyl acrylate 

was reacted with 32.15 g HNTs-NH2 in ethanol for 24 h at 60°C. The resulting NPs were separated 

by centrifugation, washed with diethyl ether, ethanol, and methanol, and recovered by 

centrifuging. After air-drying at 60°C, ethylene diamine was added to the mixture of HNT in 

ethanol and stirred at 60 °C for 24 hours. In the end, to recover the NPs, which is HNTs-G1, the 

reaction mixture was centrifuged, then washed with distilled water and air-dried. Figure 3-2 shows 

the repeating units of functionalized HNTs. 
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Figure 3-2. Schematic representation of the structure of HNTs-G1. 

 

3.2.3.  TFC and TFN membranes fabrication 

The PS35 UF membrane was used as a substrate for the thin polyamide (PA) layer, synthesized by 

in-situ interfacial polymerization (IP) of two monomers PIP and TMC. To fabricate TFC 

membranes, a 2% (W/V) solution of PIP in deionized water was poured on the substrate. After 5 

minutes, any visible droplets were drained off from the substrate by using a Teflon roller. After 

that, a 0.05% (W/V) solution of TMC in n-hexane was poured on the substrate for 1 minute. Then, 

the excess solution was drained off, and the membrane was washed with n-hexane. This was 

followed by placing the membrane in the oven at 95 ºC for 10 minutes. 

Figure 3-3 shows the schematic diagram of making a TFC/TFN membrane. In the end, the 

membranes were washed thoroughly with distilled water and stored in deionized water. For the 

TFN membrane fabrication, different amounts of NPs were dispersed in the solution of TMC in n-
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hexane, and the resulting suspension was used instead of the TMC solution. TFN membrane 

samples were named according to the  HNTs-G1 loading in the organic solution (Table 3-1).  

For each type of membrane, two membrane sheets were fabricated independently. From each 

sheet, four membrane coupons were extracted. Therefore, for each type, eight membranes were 

available for the performance tests.  

 

Figure 3-3. Schematic representation of fabrication of TFN membrane 

Table 3-1. Monomer concentration and HNTs-G1 loading for the fabrication of  TFC and TFN membranes. 

Membrane 
PIP in H2O 

(w/v) % 

TMC in n-hexane  

(w/v) % 

HNTs-G1 in TMC/n-hexane 

(w/v) % 

TFC 2 0.05 0 

TFN (0.025%) 2 0.05 0.025 

TFN (0.05%) 2 0.05 0.05 

TFN (0.1%) 2 0.05 0.1 
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3.2.4.  Forward osmosis tests and data analysis 

A lab-scale FO setup, shown in Figure 3-4, was used to evaluate the membrane's performance. A 

detailed description of the system is presented elsewhere [13]. Briefly, the system's heart is the 

Teflon cross-flow membrane cell with a permeation area of 20.6 cm2. For holding the feed and the 

draw solutions, two 1-L capacity plastic tanks are used. The tanks are placed on balances to 

precisely record the amount of water drawn from feed solution to draw solution. The balance for 

the feed tank has a resolution of 0.01 g, while the balance for the draw tank has a resolution of 0.1 

g. The solutions were circulated independently using two centrifugal pumps. The feed solution 

passes through the lower part and the draw solution through the upper part of the cell. Two heat 

exchangers are connected to a refrigerated/heated bath circulator to maintain and control the 

temperature. Also, the temperature and the conductivity of the feed are monitored by the 

temperature/conductivity meter. All the membranes were tested in the FO-mode, i.e., the active 

layer facing feed solution (AL-FS). The temperature was maintained at 23 ± 2 °C.  
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Figure 3-4. Schematic diagram of FO experimental system.[13] 

 

As previously stated, for each type of membrane listed in Table 1, 8 coupons were prepared in two 

independent syntheses. Four membranes (two from each synthesis) were tested with DI water as a 

feed, two (one from each synthesis) with the feed containing Cu, and two (one from each synthesis) 

with the feed containing Pb. The draw solution in each experiment was the same, i.e.,  

1 mol.L-1 MgCl2 in water.  

The protocol for the FO experiment is described elsewhere [13]. Briefly, at first, the system was 

thoroughly cleaned by circulating DI water such that the conductivity dropped below 30 µs/cm. 

This required several batches of fresh DI water. After installing a membrane, fresh DI water was 

again circulated at both sides to remove any contaminants from the membrane. The system was 

then switched to a bypass mode, and DI water in the draw and feed solution tanks were replaced 
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by the draw solution (1 mol.L-1 MgCl2 in water) and the feed solution (200 ppm of a heavy metal 

salt solution), respectively. The system was run in bypass mode at the flow rate of 2.4 L/min and 

the set temperature of 24 oC for several minutes until both the flow rate and the temperature 

stabilized at the set values. The experiment was initiated by switching the flows from the bypass 

to the membrane cell, which took not more than a couple of seconds. In other words, the 

experiment was initiated by a step-change in the concentration at both sides of the membranes. 

During the experiments, the mass of the feed and draw solution containers and the conductivity 

and temperature of the solution in the feed tank were recorded continuously using LabView data 

acquisition. The concentration of heavy metals was determined using an inductively coupled 

plasma emission spectrometer (ICP-MS). For each experiment with heavy metal, three samples 

were analyzed: 1) the initial feed solution (before initiation of the experiment), 2) the final feed 

solution, 3) the final draw solution. 

For both heavy metals, the respective salts' concentration (CuSO4.5H2O and Pb(NO3)2) in the feed 

solution was 200 ppm. Therefore, the corresponding theoretical concentrations of Cu2+ and Pb2+ 

were 50.9 ppm and 125.1 ppm, respectively (Table 3-2).  However, the actual concentrations of 

heavy metals in the initial feed solution were lower than the values listed in Table 3-2. When the 

solution containing heavy metal replaced DI water in the feed tank, the system's tubing, pump and 

membrane cell contained DI water, which diluted the feed solution. The effect of dilution of feed 

and draw solution will be further discussed later. The pH of the feed solution with and without 

heavy metals was constant at 5.5 – 6 during the entire experiment. 

 

Table 3-2. The calculated concentration of the heavy metals based on their molecular weight. 

Heavy metal 
Calculated heavy metal concentrations in 

200 ppm salt solution 

Cu (ΙΙ) 50.9 

Pb (ΙΙ) 125.1 
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The water flux (J) and the reverse draw solute flux (Js) were evaluated from the respective steady-

state mass transfer rates of water (dmw/dt) and the draw solute (dms/dt): 

J =  
dmw dt⁄

ρA
  (3) 

Js =  
dms dt⁄

A
  (2) 

where,  is the density of water, and A is the membrane area.  

In the experiments with feed solution containing heavy metal, the solute and water permeate in the 

same direction. Therefore, the heavy metal rejection (R) is:  

R = (1 −
Cp

Cf
) × 100%  (4) 

where, Cp and Cf are steady-state concentrations of heavy metal in permeate and feed, respectively. 

It is essential to remember that during experiments, both feed and draw solutions were circulated 

at the respective sides of the membrane while the water permeated from the feed to the draw side. 

Therefore, in principle, no steady-state could be attained. However, since the volume of water 

permeated across the membrane was negligible compared to the volumes of feed and draw 

solutions, a pseudo-steady-state, which we will refer to as a steady-state, could be reached. The 

following section will show that the steady-state existed almost instantaneously after the 

experiment's initiation. Since the initial concentration of heavy metal in the draw solution was 

zero, the Cp was evaluated from: 

Cp =
Cd,fVd,f

∆Vd
  (5) 

where: Cd,f, which is the concentration of heavy metal in the draw solution at the end of the 

experiment, and Vd, which is the total volume of water permeated from the feed to the draw 

solution, were measured directly. The final volume of the draw solution at the end of the 

experiment (Vd,f) was estimated from:  

Vd,f = Vd,i + Vr,d + ∆Vd  (6) 
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where: Vd,i is the initial volume of the draw solution, which in every experiment was 840 mL, and 

Vr,d is the residual volume of water in the system, which represents the volume of water in the 

tubing, the membrane cell and the pump. According to Du et al.[13], who designed and constructed 

the system shown in Figure 3-4, Vr,d is 161.5 mL on the draw side. The corresponding residual 

volume of water at the feed side (Vr,f) is 155.5 mL.  

As previously mentioned, the concentration of heavy metal in the feed solution (Cf) required by 

Eq. (3) was measured before (Cf,i) and after the experiment (Cf,f). In principle, since Vd was much 

less than the feed solution's initial volume (Vf,i), the Cf,i and Cf,f should be similar.  However, we 

hypothesized that heavy metals could be rejected, size exclusion/Donnan potential and membrane 

adsorption. The mass of heavy metal adsorbed by the membrane (mads) was evaluated by 

performing a mass balance on the heavy metal: 

mads = Cf,i(Vf,i) − Cd∆Vd − Cf,f(Vf,i + Vr,f − ∆Vd)  (6) 

 

3.2.5.  Rejection of heavy metals in NF process 

As previously described, the TFC and TFN membranes were synthesized using PIP as a water-

soluble monomer in the IP. As such, they are nanofiltration (NF) membranes. Therefore, in 

addition to rejecting heavy metals in FO experiments, we also performed some comparative and 

NF tests to determine copper rejection from a 200 ppm copper (ΙΙ) sulphate pentahydrate 

(CuSO4.5H2O) solution using TFC and TFN(0.05%) membranes.  The experiments were 

performed in a continuous cross-flow filtration system shown in Figure 3-5. The system consists 

of 3 parallel cells, the effective permeation area in each cell is 17.35 cm2. The experiments were 

carried out at 24 ± 2 °C and 10 ±1 bar. The rejection of heavy metal was evaluated using Eq. (3). 

Like the FO tests, the copper concentrations in the feed (Cf) and the permeate (Cp) were determined 

using ICP-MS. The feed and permeate samples for the ICP-MS analysis were taken once the 

system reached steady-state as determined by the constant permeate flow rate.  

Of the four types of membranes (Table 3-1), TFC and TFN(0.05%) membranes were used in NF 

experiments. For each membrane, six coupons fabricated in two independent syntheses were 

tested.   
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Figure 3-5.  Cross-flow NF membrane testing system, PI, FI and, TI stands for pressure, flow and 

temperature indicator, respectively [14] 

 

3.2.6.  Characterization of membrane and nanoparticles 

To confirm and find the functionalized HNTs percentage, a Q5000 thermal gravimetric analyzer 

(TGA) (TA Instruments Ltd, USA) was used. Under the nitrogen atmosphere, the heating rate was 

10°C/min from 30°C to 800°C. The morphology of the membrane's top surface was evaluated by 

using scanning electron microscopy (SEM). All of the samples were coated by gold sputtering. 

Also, the morphology of the nanoparticle was characterized using transmission electron 

microscopy (TEM), Philips CM30. Attenuated Total Reflection-Fourier Transform Infrared 

(ATR-FTIR) spectra of the membranes and NPs were obtained using a Nicolet 6700 FTIR with a 

diamond crystal (Thermo Fisher) equipment. OMNIC ™ software was utilized to analyze the 

spectra. To investigate the TFC and TFN membranes' hydrophilicity, VCA Optima goniometer 

(AST products, Inc., Billerica, MA) was used. The zeta potential of the surface of membranes was 

also conducted by a zeta analyzer (Zetasizer PSS0012-22, Malvern Instruments). 
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3.3.   Results and discussion 

3.3.1.  Nanoparticle characterization 

Nanoparticles characterization was already discussed in Chapter 2. Briefly, the SEM images 

indicated that the first generation of the PAMAM dendrimers did not change the shape of HNTs. 

The TGA analysis showed a higher mass loss of HNTs-G1 than HNTs. The difference in mass 

loss could be attributed to the decomposition of the first generation of PAMAM dendrimers. The 

ATR-FTIR spectrum HNTs-G1 revealed two peaks (not present in the spectrum of HNTs) at 1646 

and 1562 cm-1. These peaks result from the N–H bond's stretching vibrations and bending 

vibrations of the C–N bond, which confirmed the successful modification of the HNTs. 

Furthermore, functionalization of HNTs with the first generation of PAMAM dendrimers leads to 

an increase of zeta potential from -34.5 mV to 2.2 mV.  

  

3.3.2.  Membrane Characterization 

Similar to nanoparticles, physicochemical characterization (SEM, FTIR, water contact angle, and 

zeta potential) of TFC and TFN membranes was discussed in Chapter 2. Briefly, the SEM images 

revealed a nodular structure of the surface of TFC and TFN membranes, typical for polyamide-

based NF membranes [15,16]. The nodular structure results from a fast and uniform crosslinking 

between the two monomers of TMC and PIP [17]. The FTIR analysis confirmed the successful 

formation of the polyamide layer in the TFC and TFN membranes. The water contact angle 

measurements revealed that the incorporation of nanoparticles increased the membranes' 

hydrophilicity of the resulting membranes. Finally, the zeta potential measurements showed a 

decrease in zeta potential with an increase in pH. The zeta potential of TFN membranes was more 

sensitive to the pH of the solution. TFN membranes' zeta potential was slightly higher than that of 

the TFC membrane at a pH of 5.5 – 6.0, which is the feed solution's pH during the actual 

performance experiments.  There was no clear trend between the zeta potential and the loading of 

NPs in the TFN membranes. 
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3.3.3.  FO performance 

The FO performance of the membranes strongly depends on a draw solute. The latter should 

generate high osmotic pressure while the permeation of salt across the membrane is minimized. 

Chapter 2 studied the NF performance of TFC and TFN membranes, which are also used in FO 

tests considered in this Chapter. Of the three solutes studied in Chapter 2, NaCl could generate the 

highest osmotic pressure but is poorly rejected by our TFC and TFN membranes. Therefore, NaCl 

is not suitable as a draw solute in our tests. Of the remaining two solutes, our TFC and TFN 

membranes showed higher rejection of Na2SO4 than MgCl2. Simultaneously, since MgCl2 has a 

smaller molecular weight than Na2SO4, for the same weight percentage of the two solutes, 

according to the van't Hoff equation, MgCl2 could generate a higher osmotic pressure Na2SO4 
[9]. 

Although the rejection of Na2SO4 was greater than MgCl2, it was still higher than 85% for TFC 

and 90% for TFN membranes. Therefore, we selected MgCl2 as a draw solute and used 1 mol.L-1 

of MgCl2 in DI water as a draw solution in all FO experiments.  

Figure 3-6 shows the progress of the dynamic FO experiments with the TFC membrane using DI 

water as a feed (Fig 3-6. A) and a 200 ppm CuSO4.5H2O (Fig3-6. B). The processing of the raw 

experimental data is described elsewhere [12]. It can be noticed that in both experiments, the steady-

state is established immediately after the initiation of the experiment. A constant water mass 

increase at the draw-side and a constant mass decrease at the feed-side indicate the steady-state 

conditions. Since the water permeates from the feed side to the draw side, the observed slopes are 

the same but have the opposite sign. The most remarkable observation in Fig3-6. is that the water 

flux in the experiment with the feed containing Pb2+ is higher than in the experiment with DI water 

as a feed. In principle, heavy metal salt in the feed solution decreases the osmotic pressure 

difference across the membrane. As a result, one could expect the water flux in the experiment 

with pure water to be higher than with the experiment with a heavy metal salt solution in the feed.   

Figure 3-7 presents the progress of the same dynamic FO experiments with the TFC membrane as 

Figure 3-6, focusing on the reverse salt flux of the draw solute (MgCl2) as a function of time. 

Unlike the water flux, it takes several minutes for MgCl2 transport to become constant, particularly 

in the experiment with DI water as a feed. The instantaneous mass of MgCl2 in the feed solution 

is a product of the instantaneous volume and concentration of MgCl2. The presence of heavy metal 
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in the feed solution suppresses the reverse of MgCl2, which is very desirable. When analyzing the 

experiment results with the feed containing 200 ppm CuSO4.5H2O, we assumed that the membrane 

completely rejects the heavy metal salt. In other words, the changes in the feed solution's 

conductivity are solely determined by the transport of MgCl2 from the draw to the feed solution. 

As previously mentioned, one of the concerns with using MgCl2 as a draw solute was its 

incomplete rejection by our membranes in the NF experiments. However, it appears that the 

presence of heavy metal in the feed solution partially alleviates this problem.        

 

Figure 3-6. Progress of dynamic FO experiments using a TFC membrane in the AL-FS orientation; the 

mass of the feed and draw solutions as a function of time. Draw solution: 1 M MgCl2. A) DI water as a 

feed; B) 200 ppm CuSO4.5H2O solution as a feed.  

 

 

Figure 3-7. Progress of dynamic FO experiments using a TFC membrane in the AL-FS orientation; the 

mass of MgCl2 as a function of time. Draw solution: 1 M MgCl2.  Blueline: DI water as a feed; Orangeline:  

200 ppm CuSO4.5H2O solution as a feed.  
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Table A1 in the appendix shows the results (steady-state water flux and reverse salt flux) of all 32 

FO experiments. The results are then summarized in Figure 3-8 and Figure 3-9, which show the 

average water flux and the average reverse salt flux, respectively, for TFC and TFN membranes. 

Figure 3-8 confirms that heavy metal salt in the feed solution enhances the water flux. For TFC 

membranes, the water flux increases in the following: DI water <  Pb(NO3)2 solution < 

CuSO4.5H2O solution. For TFN membranes, the water flux for the Pb(NO3)2 solution is higher 

than for the CuSO4.5H2O solution. The latter order coincides with the heavy metal concentration 

in the feed solution (Table 3-2). There is no clear trend between the water flux and the loading of 

HNT-G1. However, the positive effect of the heavy metal in the feed on the water flux is 

undeniable.  

As determined by the zeta potential analysis, both TFC and TFN membranes are negatively 

charged. It is, therefore, possible that heavy metal cations are adsorbed on the surface of the 

membranes. In turn, these adsorbed cations would enhance the water flux across the membrane.  

It is important to note that the observed water fluxes of less than 4 L.m-2.hr-1 are relatively low for 

FO processes. Nonwoven support, a part of commercial PS35 membranes on which TFC and TFN 

membranes were synthesized, is responsible for internal concentration polarization (ICP). The 

latter significantly reduces the effective osmotic pressure gradient, the driving force for water 

transport in FO processes [4]. 

As shown in Figure 3-9, the effect of heavy metals in feed solution on the reverse MgCl2 flux is 

even more significant than on the water flux. More importantly, the undesirable reverse salt flux 

is significantly reduced in the presence of heavy metals. For both TFC and TFN membranes, the 

reverse MgCl2 flux decreases in the following order DI water > CuSO4.5H2O solution >  Pb(NO3)2 

solution. There is no clear trend between the loading of HNTs-G1 and the reverse salt flux. 

However, the reverse MgCl2 flux in the presence of Pb(NO3)2 solution can be as low as 1/6 of that 

with DI water as a feed. Similar to the increase in the water flux, a decrease in the reverse MgCl2 

flux in the presence of heavy metal salt in the feed solution can be explained by the adsorption of 

heavy metal cations on the membrane surface. The adsorbed  Cu2+ or Pb2+ would facilitate the 

rejection of  Mg2+ cations based on charge repulsion. To maintain the electroneutrality, Cl- anions 

would remain at the draw side of the membrane.  
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Figure 3-8. The average water flux of TFC and TFN membranes using the different feed. Orange: DI water; 

green: 200 ppm CuSO4.5H2O solution; purple: 200 ppm Pb(NO3)2 solution.  Draw solution in all 

experiments: 1 mol. L-1 MgCl2. 
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Figure 3-9. The average reverse flux of MgCl2 TFC and TFN membranes using the different feeds. Orange: 

DI water; green: 200 ppm CuSO4.5H2O solution; purple: 200 ppm Pb(NO3)2 solution.  Draw solution in 

all experiments: 1 mol. L-1 MgCl2. 

 

3.3.4.  Rejection of heavy metals in FO and NF processes  

The presence of heavy metal cations in feed solution improves the FO performance of TFC and 

TFN membranes. However, the membrane's primary role in the FO process is to reject heavy 

metals while allowing water to permeate from the feed to the draw solution.  

The rejection of heavy metals in the FO and NF processes was evaluated based on the 

concentration of heavy metal ions determined using ICP-MS. Table 3-3 presents the summary of 

concentrations in the initial feed solution (before initiation of the experiment), the final feed 

solution, and the final draw solution, along with the calculated rejection and absorption of the 

heavy metal in each FO experiment. Two experiments were performed using two independently 

fabricated membranes for a given type of membrane and heavy metal. It is important to note that 

the initial feed concentrations in Table 3-3 are lower than the calculated feed concentrations listed 

in Table 3-2.  The difference arises from the dilution of the feed solution by the DI water present 

in the system [13]. Unless otherwise stated, the calculated rejections use the initial feed 

concentration, which should be similar to the final feed concentration. It is evident that Cf,i was 

markedly higher than Cf,f. For a given final draw solution concentration, the rejection increases as 

the feed concentration increases. However, in all cases, the rejection calculated using Cf,i was less 

than 1% greater than the rejection calculated using cf,f.  For example, in three FO experiments 

listed in Table 3-3, we did not record Cf,i, and the rejection was calculated using Cf,f. The 

corresponding rejections are similar to values calculated using Cf,i. 

Since all experiments' rejections were greater than 90%, the difference between Cf,i and Cf,f 

suggests adsorption of heavy metals by the membranes. The adsorption was quantified by the mass 

balance on heavy metal using Eq. (6). For the three experiments in which we did not record Cf,i, 

the adsorption is not available. The membranes adsorbed both Pb2+ and Cu2+, but the mass of 

adsorbed Pb2+ was 3 – 4 times the mass of adsorbed Cu2+. The exact concentration of the heavy 

metal salt was used in all experiments, but because of the molecular weight difference between the 

respective salts, the initial concentration of Pb2+ in the feed was 2 – 2.5 times the initial 
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concentration of Cu2+. Therefore, it appears that Pb2+ is more adsorbed by the TFC and TFN 

membranes than Cu2+. In both cases, the membranes' adsorption can be attributed to amine groups' 

chelation reaction with heavy metal catios [18]. The results presented in Table 3-3 confirm the 

adsorption of heavy metals by the membrane, which is likely responsible for the improved FO 

performance of the membranes in the presence of heavy metals in the feed solution.  

 

Table 3-3. Summary rejection and adsorption of heavy metals TFC and TFN membranes in FO experiments. 

Membrane 
Heavy 

metal 

Initial feed 

concentration 

(ppm) 

Final feed 

concentration 

(ppm) 

Final draw 

concentration 

(ppm) 

Adsorption 

(mg) 

Rejection 

(%) 

TFC 

Pb1 111.1 75.51 0.010 23.7 97.4 

Cu1 N.A. 37.73 0.006 N.A. 96.9* 

Pb2 N.A. 92.53 0.020 N.A. 97.7* 

Cu2 40.22 34.39 0.020 4.17 95.1 

TFN(0.025%) 

Pb1 104.3 89.76 0.040 10.8 97.3 

Cu1 41.47 35.26 0.006 4.33 98.1 

Pb2 102.9 78.64 0.040 16.5 94.8 

Cu2 42.04 34.17 0.006 5.44 98.4 

TFN(0.05%) 

Pb1 101.8 76.51 0.040 17.1 94.4 

Cu1 41.02 34.37 0.006  4.60 97.9 

Pb2 99.27 77.60 0.030 14.7 95.0 

Cu2 42.78 34.47 0.006 5.72 98.2 

TFN(0.1%) 

Pb1 101.3 79.75 0.040 14.9 96.1 

Cu1  N.A. 35.43 0.010 N.A. 97.0* 

Pb2 102.1 80.02 0.040 15.2 95.7 

Cu2 39.04 34.42 0.006 3.23 97.3 
1 Comes from sheet 1 
2 Comes from sheet 2 

* The rejection based on the final feed solution concetration 

 

Figure 3-10 presents the average rejections of Cu2+ and Pb2+ by TFC and TFN membranes in FO 

tests. It is important to emphasize that the rejection of heavy metals is enhanced by their adsorption 

on the membrane surface. The average rejection of Pb2+ by TFC membranes is higher than Cu2+. 

On the other hand, for TFN membranes, the situation is the opposite;  the average rejection of Cu2+ 

by TFN membranes is higher than Pb2+. As a result, the rejection of Pb2+ by TFC membranes is 
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higher than by TFN membranes. On the other hand, the rejection of Cu2+ by TFN membranes is 

higher than by TFC membranes. The average rejections range from 95%, Pb2+ by TFN(0.05%),  to 

98%, Cu2+ by TFN(0,025%). However, there is no apparent trend between the loading of HNTs-

G1 and heavy metal rejection by the membranes.   

In addition to the rejection of heavy metals in FO experiments, we also tested 6 TFC and 6 

TFN(0.05%) membranes in NF experiments with a 200 ppm CuSO4.5H2O feed solution at 10 bar. 

The average rejection of Cu2+ by the TFC membranes was 96.25%, comparable to the 

corresponding value in the FO tests. On the other hand, the average rejection of Cu2+ by the 

TFN(0.05) membranes was only 92.89%, considerably lower than 98% by the same membranes 

in the FO tets. A lower rejection of heavy metals in NF compared to FO could be expected. In both 

processes, the transport of heavy metals is driven by the concentration gradient across the 

membrane. Besides, heavy metals might also be dragged along the permeating water in the NF 

process, driven by the hydraulic pressure gradient across the membrane.    

 

Figure 3-10. The average rejections of Cu2+ and Pb2+ by TFC and TFN membranes in FO tests. 
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3.4.  Conclusions and Recommendations 

The TFN membranes were fabricated on top of a commercial PS35 ultrafiltration membrane by 

in-situ interfacial polymerization of piperazine (PIP) and 1,3,5-benzenetricarbonyl trichloride 

(TMC) containing different amounts of dispersed functionalized halloysite nanotubes (HNTs) 

nanoparticles. The HNTs nanoparticles were functionalized with the first generation of 

poly(amidoamine) (PAMAM) dendrimers. Since the TFN and the reference TFC membranes 

exhibited good nanofiltration performance with MgCl2 and Na2SO4  solutions, they were 

considered for the removal of heavy metals (Cu and Pb) from synthetic wastewater in dynamic 

forward osmosis experiments.  

The membranes showed excellent rejections of Cu and Pb, ranging from 95% to 98%. The TFN 

membranes showed higher rejection to Cu than Pb, while the opposite was observed for the 

reference TFC membranes. In comparison, the rejection of Cu by TFN membranes in 

nanofiltration tests was 93%, thus lower than in the FO process. The presence of heavy metal in 

the feed solution enhanced the FO performance of all membranes. In particular, the reverse flux 

of draw solute (MgCl2) decreased by at least 2.5 times compared to the experiments with pure 

water as a feed. Simultaneously, the water flux also increased. The improved FO performance of 

the membranes in the presence of heavy metals is attributed to their adsorption by the membranes. 

The adsorption of heavy metals was confirmed and quantified by the mass balance. All membranes 

showed a greater affinity towards Pb than Cu.   

Although the mass balance proved the adsorption of heavy metals by membranes, it is 

recommended to perform an ICP-MS analysis of the membranes tested with feed solutions 

containing Cu and Pb cations, respectively. These tests would provide direct proof of heavy metal 

adsorption by the membranes. Also, if the membranes adsorb heavy metal cations, these 

membranes' zeta potential may be affected. Therefore, a systematic zeta potential investigation of 

membranes exposed to heavy metals and those that were tested with pure water is also 

recommended. In addition to providing another confirmation of heavy metal adsorption, this 

investigation could further elucidate the observed improvement of the membranes' FO 

performance exposed to feed solutions containing heavy metal.  
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3.6.  Appendix 

 

Table A3-4.  Summary of FO performance of TFC and TFN membranes in the experiments with 

pure water and 200 ppm solutions of Pb(NO3)2 and CuSO4.5H2O as a feed. In all 

experiments, the draw was 1 mol.L-1 MgCl2 solution. 

Membrane 
Feed 

solution 

Water flux 

(L.m-2.hr-1) 

Reverse salt flux 

(gr.m-2.hr-1) 

TFC *(1) 

Water 1.8 3.72 

Water 2.15 3.29 

Cu 3.7 1.22 

Pb 3.4 1.04 

TFC*(2) 

Water 3.8 2.32 

Water 3.1 2.74 

Cu 4.1 1.33 

Pb 3.9 0.7 

TFN(0.025)*(1) 

Water 3.2 5.35 

Water 3.1 4.38 

Cu 3.5 2.04 

Pb 4.4 0.79 

TFN(0.025)*(2) 

Water 3.3 2.26 

Water 3.8 2.53 

Cu 3.9 0.76 

Pb 3.5 0.46 

TFN(0.05)*(1) 

Water 3.4 3.69 

Water 3.2 3.35 

Cu 3.06 1.69 

Pb 3.59 0.97 

TFN(0.05)*(2) 

Water 3.14 2.45 

Water 2.8 3.36 

Cu 3.7 0.98 

Pb 3.22 0.96 

TFN(0.1)*(1) 

Water 2.8 2.25 

Water 3.47 2.05 

Cu 4.1 0.99 

Pb 3.3 0.29 

TFN(0.1)*(2) 

Water 2.7 3.25 

Water 3.02 2.71 

Cu 2.89 1.003 

Pb 4.1 0.58 
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Chapter 4.  General Discussion, Conclusion, and Recommendations 

 

This research's main objective was to develop a membrane to remove heavy metals from 

wastewater in a hybrid FO-NF process. Processing the wastewater in an FO process, which does 

not require applied hydraulic pressure, minimizes membrane fouling, one of the significant 

challenges of membrane-based wastewater treatment. The FO membrane must reject heavy metals 

and draw solutes. Consequently, we developed the FO membrane by considering its NF 

performance. Simultaneously, in the proposed hybrid FO-NF process, pure water is produced in 

the NF step, concentrating the draw solution for the FO process. Therefore, the membrane's NF 

performance has a dual role; as a tool to design the membrane's selective layer and as a critical 

element of the proposed FO-NF process.  

We selected thin-film nanocomposite (TFN) membranes utilizing halloysite nanotubes (HNTs) 

modified by the first generation of poly(amidoamine) (PAMAM) dendrimers as nanoparticles for 

the proposed hybrid FO-NF process. The TFN membranes were fabricated via in situ interfacial 

polymerizations of PIP and TMC monomers on top of the PS35 ultrafiltration membrane. The 

nanoparticles were dispersed in the hexane solution of TMC before the interfacial polymerization. 

The selection of nanoparticles for this project resulted from their successful application in another 

project, in which we synthesized TFN RO membranes with improved chlorine resistance. The 

recently published article summarizing the other project is presented in Appendix.  

In the first part of the thesis (Chapter 2. ), we studied the effect of nanoparticle loading on the NF 

performance of the reference TFC and TFN membranes. We considered  MgCl2, Na2SO4, and 

NaCl as solutes in the performance experiments. All membranes showed high rejections of Na2SO4 

(around 97-98%) and low NaCl rejections (less than 40%), with the corresponding water fluxes 

greater than 100 L m-2 hr-1. The rejection of MgCl2 (ranging from 82 to 90%) was less than Na2SO4. 

However, our values are much greater than those reported in the literature for other TFN 

membranes. Since for the same weight percentage in aqueous solution, the osmotic pressure MgCl2 

is much greater than Na2SO4; the former is more desirable as a draw solute than the latter. The 

remarkable rejections of MgCl2 are attributed to a less negative surface charge of TFN membranes. 

Also, since HNT-G1 nanoparticles are positively charged, their incorporation into the selective 
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layer helped to reject MgCl2 to the level that is acceptable for its application as a draw solute. By 

considering the combination of the water flux and MgCl2 rejection, the TFN membrane with 0.05% 

of nanoparticles loading appears to have the best NF performance. 

In the second part of the thesis (Chapter 3. ), we tested TFC and TFN membranes in FO 

experiments using MgCl2 as a draw solute and three different feed solutions. We first used pure 

water as a feed to determine the water flux and the reverse salt flux. Compared to the reference 

TFC membrane, TFN membranes had higher water flux and lower reverse salt flux, i.e., showed a 

better FO performance compared to the reference TFC membrane. As the nanoparticle loading 

increases, the water flux and the reverse salt flux decrease. Two other sets of FO experiments were 

with Cu2+ and Pb2+ in the feed solution, respectively. The membranes showed excellent rejections 

of Cu and Pb, ranging from 95% to 98%. The TFN membranes showed higher rejection to Cu than 

Pb, while the opposite was observed for the reference TFC membranes. In comparison, the 

rejection of Cu by TFN membranes in nanofiltration tests was 93%, thus lower than in the FO 

process. The presence of heavy metal in the feed solution enhanced the FO performance of all 

membranes. In particular, the reverse flux of draw solute (MgCl2) decreased by at least 2.5 times 

compared to the experiments with pure water as a feed. Simultaneously, the water flux also 

increased. The improved FO performance of the membranes in the presence of heavy metals is 

attributed to their adsorption by the membranes. The adsorption of heavy metals was confirmed 

and quantified by the mass balance. All membranes showed a greater affinity towards Pb than Cu.   

We have therefore validated the primary assumption of this research. The selective layer of TFC 

and TFN membranes can be optimized by considering the membranes' NF performance. More 

importantly, our results indicate that the FO treatment of wastewater containing heavy metals is 

advantageous to the NF treatment because of reduced membrane fouling and a higher rejection of 

heavy metals by the same membrane. Therefore, this thesis justifies using the hybrid FO-NF 

process for the recovery of heavy metals from wastewaters.      

In this research, we used the same membrane for both the FO and NF steps. The membranes were 

synthesized on a commercial UF (PS35) membrane. The UF membrane consists of a nonwoven 

polyester layer, which is integral to the actual polysulfone membrane. The nonwoven layer 

provides mechanical support in pressure-driven membrane processes. It does not affect membrane 
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productivity in NF and RO applications. However, the nonwoven layer generates internal 

concentration polarization (ICP), significantly reducing the water flux in FO applications.  

Therefore, in the next phase of this research, it will be necessary to develop a support layer 

(asymmetric PS membrane) with a similar structure as the PS35 membrane without the nonwoven 

layer.  

This research demonstrated the concept of a hybrid FO-NF system by studying the NF and FO 

performance in separate membrane experiments. To further demonstrate this concept, it is 

recommended to design and build a lab-scale system (Fig. 1 in Chapter 1) for the continuous 

processing of synthetic wastewater containing heavy metals while circulating the draw solution 

between the FO and the NF processes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 

 

 

Appendix

 



72 

 

 

 



73 

 

 

 



74 

 

 

 



75 

 

 

 



76 

 

 

 



77 

 

 

 



78 

 

 

 



79 

 

 

 



80 

 

 

 



81 

 

 

 



82 

 

 

 


