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ABSTRACT 

Pollution by heavy metals, such as lead (Pb), in bodies of water is a serious problem 

today that poses great risk to human health and the environment. In this study, cellulose-

acetate (CA) based membranes were synthesized by immersion precipitation process, and 

commercially available CA membranes were modified by a layering method. Phytic acid (PA), 

a phosphorus rich compound known for its chelating properties, was doped into the membrane 

films to improve their efficiency in removing Pb (II) ions from water. As formulation additives, 

cellulose nanocrystals (CNCs), amine-functionalized cellulose nanofibers (CNFs) and chitosan 

were used. Mechanical properties, and filtration efficiency of the resulting membranes as a 

function of PA content, PA incorporation method, and additive types were assessed. 

Synthesized membrane films containing CNC, and chitosan/ PA coated membrane films 

showed up to 60% and 90% removal of Pb (II) ions respectively from water. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1. Introduction and Background 

Water makes up about two-thirds of the earth’s surface, out of which less than one 

percent is fresh and accessible for use. The rest of the water is retained in oceans, glaciers, 

swamps, and other repositories that are not fit for direct use [1]. With an increasing world 

population, the demand for freshwater has also increased rapidly. Moreover, water 

mismanagement has led to reduced water quality on top of depleting water resources. Climate 

change has also presented us with water scarcity challenges [2].These interconnected water 

quality issues threaten the availability and accessibility of freshwater. This threat could 

potentially be offset by treating and reclaiming wastewater [3, 4]. 

1.1.1. Types and sources of heavy metal in wastewater 

Wastewater is a result of natural and human activities in various occupations that 

leaves undesired things in water which cannot be further used for intended purpose [5]. The 

undesired things include large suspended particles, viruses, bacteria, colloids, monovalent 

and multivalent ions, dissolved organic matter, and dissolved salts whose sizes may vary from 

as small as in nanometers range to as big as visible to the naked eye [6]. One serious problem 

in the environment today is heavy metal contaminated water [7, 8]. Forces of nature such as 

wind and rain erode rocks and soil to release heavy metals in water bodies [9], and rapid 

industrial development such as mining, fertilizers, metal plating, batteries, pesticides, 

tanneries, etc., is responsible for heavy metal discharge into the environment [10]. These are 

non-biodegradable, toxic and carcinogenic. Commonly found heavy metals in wastewater are 

lead (Pb), arsenic (As), zinc (Zn), copper (Cu), mercury (Hg), cadmium (Cd), chromium (Cr), 

and nickel (Ni). These heavy metals have a negative impact on environment and human 

health. The presence of these heavy metals in human body above its critical level may result 

in health problems such as stomach cramps, vomiting, lung, kidney problems, and damage 

to the central nervous system, reproductive system, and brain function [11]. 
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Figure 1.1: Sources of heavy metal pollution 

1.1.2. Lead (Pb) as a heavy metal in wastewater 

In the periodic table, Pb has an atomic number of 82 and an atomic weight of 207.2 

dalton (Figure 1.2). Lead exists in two valence states of +2 and +4. Lead in oxidation state 

of +2 is more common. The main forms of lead found in the environment are elemental lead, 

organic lead, and lead salts. Various lead compounds exist in nature such as lead acetate, 

lead nitrate, lead arsenate, lead azide, lead sulfate to name a few [12]. Pb (II) in drinking 

water primarily comes from pipes, solder fittings, service connections to homes, faucets, and 

plumbing fixtures [13]. Lead compounds commonly found in drinking water are lead (II) oxide 

(PbO), lead (IV) oxide (PbO2), lead (II) hydroxide (Pb(OH)2), lead (II) carbonate (PbCO3), 

lead (IV) carbonate (Pb(CO3)2) [14, 15]. 

 

Figure 1.2: Lead (Pb) in periodic table 
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1.1.3. Impact of Pb (II) on human health 

Pb (II) has been widely used in industries because it is malleable, has low melting 

point, and is resistant to corrosion. Exposure to Pb (II) could result in cardiovascular diseases, 

hypertension, organ toxicities, miscarriages, and malformations.  The damage caused by Pb 

(II) poisoning to human body is permanent and leads to death [16]. 

 

Figure 1.3: Effects of Pb (II) on human body 

1.1.4. Burden statement of Pb (II) removal 

In the 20th century, the main source of Pb (II) into the general population was from 

gasoline, paint, food, soil and dust. The exposure from these sources has been drastically 

reduced in recent years and no longer possess a serious threat. However, the exposure to Pb 

(II) from drinking water sources has increased. In the 21st century, two cases prove the same. 

First, the Pb (II) contamination in Washington D.C. drinking water during the year 2001-04, 

and second, in Flint, Michigan drinking water during the year 2014-16 [17]. Children were 

found to contain high levels of elevated blood lead (EBL) i.e. greater than 10 ppb in 

Washington DC areas leaving them with long lasting health risk. This was attributed to change 



 

4 

in the choice of disinfectant to chloramine from free chlorine. The new disinfectant caused the 

service line pipes to leach out Pb (II) [18]. The cost to replace the 23,000 lead pipes by 

District of Columbia Water and Sewer Authority (DCWASA), was estimated at $300 million 

[19]. The Flint water crisis showed a very high level of Pb (II) in water exceeding 5000 ppb. 

This level was caused by lack of corrosion control upon switching to Flint River from Detroit 

Water and Sewer Department [17, 20]. The repairing cost of the Flint water system was 

estimated at $1.5 billion [21]. 

1.1.5. Safe level of Pb (II) in water 

In order to avoid health consequences due to contaminated drinking water, specialized 

agencies have regulated the amount of Pb (II) in drinking water with acceptable safety factor. 

The current drinking water standard set by the World Health Organization (WHO) is <10 µg/L 

and by the United States Environmental Protection Agency is <15 µg/L [13, 22]. 

1.2. Background of the Project 

1.2.1. Current methods to remove heavy metals  

Various methods have been extensively studied for the removal of heavy metals from 

wastewater. A few of the remediation technologies include chemical precipitation, ion-

exchange, adsorption, coagulation-flocculation, electrochemical, floatation methods, and 

membrane filtration [23]. 

In the chemical precipitation technique, insoluble precipitates are formed upon the 

reaction of chemicals with heavy metal ions. An added step of sedimentation or filtration 

removes the precipitate giving clean water [24]. In the ion-exchange technique, ion-exchange 

resin is used to remove heavy metals by exchanging it with its cations [25]. Adsorption 

technique follows the physisorption or chemisorption mechanism for the removal of heavy 

metal ions. It offers the advantage of reuse after proper regeneration of adsorbent [26]. 

Coagulation-flocculation is another technique that involves destabilizing the colloids and 

forming flocs of large agglomerates [27]. In the electrochemical method, heavy metals are 

removed on an electrode surface with the use of electricity [28]. In the flotation technique, 
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gas bubbles are introduced in the solution. The suspended particles then get attached to the 

gas bubbles and move towards the surface of water where it is separated [29]. Membrane 

filtration is a technique where wastewater is passed through an inlet and with the mechanism 

of size exclusion, water without undesired particles is obtained at the outlet [23, 30]. 

Some of the examples of various techniques for the removal of Pb (II) found in 

literature are shown in Table 1.1. 

Table 1.1: Various systems for the adsorption of Pb (II) 

Material Removal capacity Method/ Mechanism Ref 

Hydrous manganese dioxide 204.1 mg/g Electrostatic [31] 

Biological calcium carbonate 1667 mg/g Chemisorption [32] 

Biochar anaerobic digested 

sludge 

54.24 mg/g Metal ion exchange 

and precipitation with 

minerals 

[33] 

Graphene oxide/ Chitosan 

aerogel 

747.5 mg/g Electrostatic 

interaction 

[34] 

Hydrogel membrane of 

graphene oxide and alginate 

327.9 mg/g Electrostatic 

attraction, chelation 

and ion-exchange 

[35] 

Hydrogel of carboxymethyl 

cellulose and polyacryamide 

312.5 mg/g Chemisorption [36] 

Pyromellitic dianhydride 

(PMDA) modified sugarcane 

bagasse, Na3PO4 

241.7 mg/ g Chemical precipitation [37] 

Nanoporous adsorbents of 

ZnO/ZnFe2O4/C 

344.83 mg g−1 Ion-exchange [38] 

 

1.2.2. Principles and mechanisms of membrane adsorptive systems 

A membrane is a selective barrier consisting of hollow pores that achieves separation 

by allowing particles smaller than its pore size to pass through it while excluding the particles 

larger than its pore size [39]. On the other hand, adsorption is a separation technique to 

exclude particles based on the affinity of the adsorbate with the adsorbent material [40]. 

Functionalizing a membrane with an adsorbent material could serve as an efficient dual-

purpose separation technique [41]. 
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1.2.3. Introduction to biobased materials: advantages and shortcomings 

The most widely used polymers as membrane materials are polyethersulfone (PES), 

polyacrylonitrile (PAN), polypropylene (PP), polytetrafluoroethylene (PTFE), and 

polyvinylidine fluoride (PVDF) [42]. However, these materials are petroleum derived that 

could be detrimental to the environment. In recent years, there has been an increased 

attention towards renewable bio based materials from locally grown agricultural and forestry 

feedstock due to the increased depletion of non-renewable resources, increased awareness 

on sustainability, and abundance availability of biomass resources [43, 44]. Renewable 

resources are an interesting choice of materials because of its wide availability, renewability, 

degradability, reduced toxicity, and decreased footprint in the ecosystem [45, 46]. Inclusion 

of bio-based resources could help offset the disadvantages of the use petroleum based 

resources as, petroleum based products are responsible for rising amount of plastic waste, 

climate change, global warming, have increased carbon footprint, air and water pollution, are 

non-biodegradable, ends up in landfills, and plastics in the oceans are harmful for the fishes 

[47-49]. 

Taking into account the above discussion, a bio-based material selection approach was 

adopted to design and fabricate the membrane system. The membrane forming material was 

cellulose acetate. The heavy metal ion complexing material was phytic acid (PA). The additive 

materials were cellulose nanocrystals (CNC), cellulose nanofiber amine (CNF-Amine), and 

chitosan. In the following sections, properties of these materials are described.  

1.2.3.1. Phytic acid (PA) 

PA is a constituent of plants and is commonly found in cereals, legumes, nuts, grains, 

and seeds. It accounts up to 50-80% of total phosphorus in plants. This snowflake-like 

molecule has 6 phosphate groups with 12 replaceable protons. In the deprotonated form, it 

can form complex with positively charged multivalent cations [50]. 
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Figure 1.4: Phytic acid (PA) 

The complexation of PA with metal ion depends on pH condition of the solution, molar 

ratio of metal to ligand, and the protonation level of the ligand [51]. Evans et al. observed 

that at an initial pH of 3.56, 5.3 mol Pb (II) could be accommodated per mol of PA and at an 

initial pH of 2.40, 4.7 mol of Pb (II) could be accommodated per mol of PA [52]. Brown et al. 

found that at a pH of above 5.6, 9 mol of Pb (II) could be accommodated per mol of PA and 

at lower pH of 2 and pH of 3, 4 mols of Pb (II) could be accommodated per mol of PA [53]. 

The strength of these complexes is determined by the dissociation constant of PA. 

Dissociation constants of PA measured using potentiometric titration reported by different 

authors are given in Table 1.2 [54]. 

Table 1.2: Dissociation constants of PA reported in literature 

Authors pKa(1-6) pKa(7-8) pKa(9-12) Ref 

Andrews et al. 2.13 6.16 9.0 [55] 

Barre et al 2.15 6.15 9.5 [56] 

 1.84 5.84 9.73  

Costello et al 1.67 6.28 9.9 [57] 

Lasztity et al 1.80 4.9 8.1 [54] 

 

The complexation of PA has also been tested in several adsorptive system. For 

instance, when Cai et al. synthesized a CoFe2O4 magnetic adsorbent modified with PA, they 

found that the adsorption of Pb (II) onto the adsorbent was partly due to the chelating effect 

of PA with Pb (II) ions [58]. Another study by Lateef et al. showed adsorptive behavior and 
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corrosion inhibitive property of phytate on Pb and Pb-In alloy surfaces due to the chelating 

complex compound formation between PA active groups and Pb (II) ions [59]. The bonding 

of Pb (II) ions with the phytate group of PA is a result of combined effect of ion exchange, 

chelation and electrostatic attraction [58, 60, 61] and the schematic representation is 

presented in Figure 1.5. 

 

Figure 1.5: Schematic representation of Pb-phosphate binding 

1.2.3.2. Cellulose 

The most abundant, sustainable, and renewable polymer available in nature is 

cellulose. Composed of D-anhydroglucose units linked by β-(1-4)-glycosidic bonds, cellulose 

is a linear syndiotactic homopolymer. The presence of active sites in its structure, makes 

cellulose, a precursor for chemical and mechanical modifications. Cellulose is an inexpensive 

material available in abundance, has high aspect ratio and low density [62]. Environmental 

awareness is driving research towards the use and transformation of naturally occurring 

sustainable biomaterials such as cellulose. Some of the forms of cellulose are cellulose 
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nanofibers, cellulose nanocrystals, bacterial cellulose, electrospun cellulose nanofibers, and 

microfibrillated cellulose [63]. 

 

Figure 1.6: Cellulose 

1.2.3.3. Cellulose acetate 

Cellulose acetate is a common choice of material for preparing water filtration 

membrane because of its desirable physical properties. It is derived from cellulose, a 

renewable material. Cellulose acetate is widely available, biocompatible, non-toxic in nature, 

has good desalting properties, has high potential flux, toughness, modulus, flexural and 

mechanical strength, has favorable selectivity-permeability characteristics, thermal 

properties, easy processability and is low in cost [64-67]. 

 

Figure 1.7: Cellulose acetate 

1.2.3.4. Cellulose nanocrystals (CNC) 

Acid hydrolysis of cellulose fibers using hydrochloric acid, phosphoric acid, or sulfuric 

acid produces CNC. This process distorts hydrogen bonds, breaks the amorphous regions, and 

releases crystalline rods. Depending upon the source of cellulose, and the hydrolysis 

conditions, cellulose of different morphologies are obtained with their rod-like structure 

showing a dimension of 10-20 nm and length of a few hundred [68]. Depending on the origin 

of cellulose and hydrolysis conditions, CNCs come in various dimensions. CNC properties are 
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determined by its degree of crystallinity and aspect ratio (length to diameter ratio). CNC is 

biodegradable, has good mechanical strength, high specific surface area, and has large 

amount of active sites for modification [68, 69]. 

1.2.3.5. Cellulose nanofiber (CNF) 

Mechanical shearing techniques such as refining, grinding, and high-pressure 

homogenization are applied on cellulose pulp fibers to produced cellulose nanofibrils. 

Pretreatments facilitating disintegrating of the fibers have also been proposed such as 

oxidation, acidic and enzymatic treatment. The pretreatment principles consists of weakening 

hydrogen bonds, addition of repulsive charge, and lowering degree of polymerization. The 

methodology and type of pretreatment used determines the dimensions of CNF. CNFs 

produced are of diameters 20-40 nm that could be reduced down to 3-5 nm with appropriate 

pretreatment process and has a length of several micrometers [68]. 

Cellulose nanomaterials are promising materials for membranes because they offer 

high mechanical strength, surface area, chemical inertness, and hydrophilicity. Also, its 

hydrophilicity reduces bio-fouling, and organic fouling [70]. 

1.2.3.6. CNF-Amine 

Since, the objective was to immobilize PA into the membrane system, CNF modified 

with amine was used. The amine group would form a complex with PA and the PA would 

further be used to chelate heavy metal ions from wastewater solution [71]. CNF-amine was 

synthesized according to the procedures reported by Dong et al. [72, 73]. 
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Figure 1.8: CNF-Amine 

1.2.3.7. Chitosan 

Chitosan is another biopolymer that is biodegradable, non-toxic, hydrophilic, cheap 

and readily available in nature. Certain disadvantages associated with chitosan is its low 

mechanical property, surface area, and thermal stability. Because it has several hydroxyl and 

amine groups attached to it, it has been used for the removal of heavy metals ions [74]. 

 

Figure 1.9: Chitosan 

1.3. Overarching Goal of Our Project 

The overarching goal of the project is to prepare a water filtration membrane from 

biobased resources for efficient capture Pb (II) from wastewater. 

1.4. Hypothesis of the Project 

The hypothesis of the project is that, by successful incorporation of PA into the 

cellulose acetate based membrane matrix, the chelating ability of PA could be utilized to 

improve the efficiency of the porous membrane in removing Pb (II) ions from the water. 
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1.4.1. Specific aim of the project 

The specific aims are: 

a) To prepare cellulose acetate-based films blended with PA and three reinforcing agents 

i.e. CNC, CNF-Amine, and chitosan. 

b) To coat cellulose acetate-based films using layer-by-layer coating techniques using 

combinations such as CNC/ PA, CNF-Amine/ PA, and chitosan/ PA as layering materials 

with complementary electrical charge. 

1.4.2. Outline of the project 

In the following chapters, films made using non-solvent induced phase separation are 

described and then films modified using the layering technique are discussed. 
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CHAPTER 2: PHYTIC ACID RICH CELLULOSE ACETATE BASED MEMBRANE 

PREPARED BY NON-SOLVENT INDUCED PHASE SEPARATION METHOD 

2.1. Introduction 

In this chapter, a facile fabrication method of immersion precipitation is utilized to 

prepare a cellulose acetate based asymmetric membrane. The membranes were reinforced 

with cellulose nanocrystals (CNC), cellulose nanofiber (CNF)-amine, and chitosan separately 

to act as a bridge between the membrane matrix and a chelating agent, Phytic Acid (PA). 

Several experiments with different formulations were conducted to reach successful 

modification of the membrane film with PA. Various characterization techniques such as 

tensile tester, SEM, ICP-OES, and atomic absorption spectroscopy were employed to check 

its physico-chemical properties, confirm the modification of the prepared membrane, and test 

its efficiency against a Pb (II) containing water solution. 

2.1.1. Background 

Non-solvent induced phase separation (NIPS) is the most common method for 

preparing flat sheet membranes. It consists of a casting solution containing a polymer, a good 

solvent, and additives, if any. The casting solution is first applied, using a casting knife, as a 

thin film on a mechanical support such as glass. The film and the support together are 

immersed in a coagulation bath containing poor solvent, i.e. a nonsolvent. The solvent and 

the nonsolvent are miscible with each other. The solvent and the nonsolvent exchange to 

solidify the polymer film [1]. A schematic diagram of the NIPS process is shown in Figure 2.1. 
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Figure 2.1: Non-solvent phase inversion casting process by [2] is licensed under 

CC BY 4.0 

2.1.2. Literature review 

Asymmetric membranes were first developed by Loeb and Sourirajan in the 1960s [3]. 

These membranes have been used in various separation application and industries such as 

food and dairy, textile, water treatment, beverage and semiconductors [1]. This method has 

been primarily employed for the preparation of flat sheet membrane and over the years 

several studies have been carried out to optimize the membrane design to suit its application. 

Xu et al.et al., prepared ultrafiltration membranes of PVDF modified with a type of 

covalent organic framework made of 1,3,5-triformylbenzene and benzidine. The Pb (II) 

removal ability of the membrane was investigated with an initial Pb (II) concentration of 30 

mg/L Pb (NO3)2/ water. The modified membrane was able to remove 92.4% of the initial 

concentration compared to 64% of unmodified membrane. Pore size decrement and top layer 

structural changes were attributed to the increase in the removal rate of Pb (II). The 

membrane also showed great antifouling property and high water flux [4]. 
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Nayak et al., used the immersion precipitation technique to prepare flat sheet 

membranes of polyphenylsulfone and multiwalled carbon nanotubes. They used 

polyetherimide as a complexing agent to bind with Pb (II) and enhance the size of the metal 

ion. Their investigation showed that the Pb (II) removal efficiency by the membrane increased 

with increasing wt% of multiwalled carbon nanotubes. The separation was attributed to 

sieving mechanism [5]. 

Gohari et al, prepared a mixed matrix ultrafiltration membrane (MMM) of hydrous 

manganese dioxide (HMO) and polyethersulfone (PES) by varying the weight ratio. The 

increasing ratio of HMO to PES led to decrease in pore size but enhanced the flux that was 

caused by increase in hydrophilicity and porosity of the membrane. The highest Pb (II) uptake 

capacity of 204.1 mg of Pb(II)/g of MMM was demonstrated by the HMO:PES ratio of 2.0. The 

adsorption behavior was attributed to the electrostatic interactions of Pb(II) with Mn-OH group 

and inner sphere complex formation of Pb and O inside the MnO6 octahedral structure [6]. 

2.1.3. Principle 

In the immersion precipitation process, a liquid polymer solution is converted into a 

solid matter by liquid-liquid demixing in a coagulation bath through a gelation process. The 

solid membrane matrix results from the polymer rich phase while the pores in the membrane 

results from the polymer poor phase. The whole process is completed in a matter of few 

milliseconds [7]. 

2.1.4. Goal of the project 

The goal of this project was to prepare a cellulose acetate-based membrane reinforced 

with bio-based materials such as cellulose nanocrystals, cellulose nanofiber-amine, and 

chitosan and immobilize phytic acid inside of it. Then test the efficiency of the prepared 

membranes by passing Pb (II) solution through it. 
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2.2. Materials and Methods 

2.2.1. Materials 

Cellulose acetate (CA, acetyl content 39.20 – 40.20 wt%, Mn 50,000), phytic acid 

solution 50% (w/w) in H2O, 1-methyl-2-pyrrolidinone (NMP), polyvinylpyrrolidone (PVP), 

chitosan (CHT, 75-85% deacetylated, Mn 50,000 – 190,000 Da), sodium hydroxide (NaOH) 

and acetone was purchased from Sigma Aldrich. Cellulose nanocrystals (CNC) was supplied 

by the University of Maine. Cellulose nanofiber-amine (CNF-NH3) was prepared in our lab 

according to the process described by Dong et al.[8]. 

2.2.2. Membrane fabrication using cellulose nanocrystals (CNC) 

In a 20 ml glass reaction vial, 1.85 g of cellulose acetate, 0.15 g of CNC, 0.5 g of PVP, 

and 16 ml of NMP was added. To this reaction vial, phytic acid solution 50% (w/w) in H2O in 

increasing concentrations of 0 ml, 0.4 ml, 0.8 ml, and 1.2 ml was further added. The 

formulation in wt% of reactant products is presented in Table 2.1. The solution was stirred 

overnight at room temperature so that the polymers would dissolve completely. After the 

complete dissolution of polymers, the solution was ultrasonicated for 3 hours to remove air 

bubbles. The casting solution was cast on a glass plate using a square drawdown bar with a 

gap clearance of 10 mils (254 µm). The film was immersed in a coagulation bath containing 

distilled water to produce a solidified film through the exchange of solvent and nonsolvent. 

The resulting membrane was heat-treated in water at 55°C for 2 hours to remove excess 

NMP. The membrane was allowed to air dry before testing. 

Table 2.1: Formulation containing CNC 

Formulation 
Cellulose Acetate 

(g) 

PVP 

(g) 

CNC 

(g) 

Phytic Acid 

(g) 

NMP 

(ml) 

CNC-P-0 1.85 0.15 0.5 0 16 

CNC-P-1 1.85 0.15 0.5 0.272 16 

CNC-P-2 1.85 0.15 0.5 0.544 16 

CNC-P-3 1.85 0.15 0.5 0.816 16 

(Phytic acid was used as 50% w/w solution in water) 
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2.2.3. Synthesis of CNF-Amine 

 

Figure 2.2: Reaction scheme of CNF-Amine 

We adopted the method described by Dong et al. [8, 9]. Cellulose nanofibers were 

reacted with epichlorohydrin (6 mmol/g cellulose) in the presence of 1 M sodium hydroxide 

(132 mL/g cellulose) solution at 60˚C for 2 hours under constant stirring. This reaction 

partially modified the hydroxyl group presence in cellulose backbone with epoxy functional 

group. Centrifugation followed by dialysis against deionized water was performed to through 

solvent and unreacted component out of the system. Modified cellulose nanofibers were 

maintained with pH~12 by 50% sodium hydroxide and further reacted with ammonium 

hydroxide at 60˚C for 2 hours under constant stirring. Ammonium hydroxide reacted with 

epoxy functional groups and opened epoxy ring to introduce primary amine groups on the 

cellulose backbone. Final modified sample was dialyzed against deionized water to maintained 

pH~7 and stored for further application. 

2.2.4. Membrane fabrication using CNF-Amine 

In a 20 ml glass reaction vial, 1.50 g of cellulose acetate, 0.50 g of CNF-Amine, 0.5 g 

of PVP, and 16 ml of NMP was added. To this reaction vial, phytic acid solution 50% (w/w) in 

H2O in increasing concentration of 0 ml, 0.4 ml, 0.8 ml, and 1.2 ml was further added. The 

formulation in wt% of reactant products is presented in Table 2.2. The solution was stirred 

overnight at room temperature so that the polymers would dissolve completely. After the 

complete dissolution of polymer, the solution was ultrasonicated for 3 hours to remove air 

bubbles. The casting solution was casted on a glass plate using a square drawdown bar with 

a gap clearance of 10 mils (254 µm). The film was immersed in a coagulation bath containing 

distilled water to produce a solidified film by the exchange of solvent and nonsolvent. The 
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obtained membrane was heat treated in water at 55°C for 2 hours to get rid of excess NMP. 

The membrane was allowed to air dry ready to be tested. 

Table 2.2: Formulation containing CNF-Amine 

Formulation 
Cellulose 

Acetate (g) 

PVP 

(g) 

CNF-Amine 

(g) 

Phytic Acid 

(g) 

NMP 

(ml) 

CNF-P-0 1.5 0.5 0.5 0 16 

CNF-P-1 1.5 0.5 0.5 0.272 16 

CNF-P-2 1.5 0.5 0.5 0.544 16 

CNF-P-3 1.5 0.5 0.5 0.816 16 

(Phytic acid was used as 50% w/w solution in water) 

2.2.5. Membrane fabrication using chitosan 

In a 20 ml glass reaction vial, 1.50 g of cellulose acetate, 0.50 g of chitosan, 0.5 g of 

PVP, and 16 ml of NMP was added. To this reaction vial, phytic acid solution 50% (w/w) in 

H2O in increasing concentration of 0 ml, 0.4 ml, 0.8 ml, and 1.2 ml was further added. The 

formulation in wt% of reactant products are presented in Table 2.3. The solution was stirred 

overnight at room temperature so that the polymers would dissolve completely. After the 

complete dissolution of polymer, the solution was ultrasonicated for 3 hours to remove air 

bubbles. The casting solution was casted on a glass plate using a square drawdown bar with 

a gap clearance of 10 mils (254 µm). The film was immersed in a coagulation bath containing 

distilled water to produce a solidified film by the exchange of solvent and nonsolvent. The 

obtained membrane was heat treated in water at 55°C for 2 hours to get rid of excess NMP. 

The membrane was allowed to air dry ready to be tested. 

Table 2.3: Formulation containing chitosan 

Formulation 
Cellulose 

Acetate (g) 

PVP 

(g) 

Chitosan 

(g) 

Phytic Acid 

(g) 

NMP 

(ml) 

CHT-P-0 1.5 0.5 0.5 0 16 

CHT-P-1 1.5 0.5 0.5 0.272 16 

CHT-P-2 1.5 0.5 0.5 0.544 16 

CHT-P-3 1.5 0.5 0.5 0.816 16 

(Phytic acid was used as 50% w/w solution in water) 
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2.3. Characterization 

2.3.1. Mechanical properties 

The mechanical tests of the composite membranes were conducted according to ASTM 

D638, with Instron 5542 material testing instrument at temperature of 25°C. In this 

technique, a specimen is first cut into a specific shape and dimension, and fastened between 

two grips. It is then subjected to a pulling force until the specimen fractures, and its strength 

and elongation is determined. The membrane films were cut into Type V dimensions dog bone 

shape of width 3.18 mm, length 9.53 mm, and the draw speed was set at 0.5 mm/ min. The 

film was attached between two clamps of the machine. An average of three readings were 

recorded for tensile strength, tensile strain at break, and young’s modulus to determine the 

mechanical property of the composite membranes. 

2.3.2. Pore size analysis 

Scanning electron microscope was used to capture microscopic images of the 

membrane films and analyze them on a microscopic scale. In this technique, high energy 

electron beam is passed through set of lenses on to the sample. The secondary and 

backscattered electrons generated from the sample is detected by the detector and a 

microscopic image is produced. Sample material was attached to cylindrical aluminum mounts 

with carbon adhesive tabs (Ted Pella, Redding, California, USA). Mounted specimens were 

sputter coated with a conductive layer of gold (Cressington 108auto, Ted Pella, Redding, 

California, USA). Images were obtained with a JEOL JSM-6490LV scanning electron 

microscope (JEOL USA, Inc., Peabody MA, USA). 

The pore size of the films was calculated using the software Image J. An SEM image 

of a particular film was taken as shown in Figure 2.3 a. Circular shapes were drawn over the 

pores manually to calculate its area. Once all the pores of a particular image were taken into 

consideration, pore diameters were calculated from its obtained area and a histogram of pores 

diameter were plotted to calculate its mean diameter (Figure 2.3 b). 
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Figure 2.3: SEM image of (a) the membrane film, and (b) histogram of pore size 

diameter 

2.3.3. Elemental compositional evaluation 

Total phosphorus composition inside the membrane was found from inductively 

coupled plasma optical emission spectroscopy (Perkin Elmer Optima 8300 ICP-OES). This 

instrument is used to quantify the amount of a certain element in a sample. In this technique, 

the sample is run through a hot argon plasma. The sample emits light on excitation of atoms 

in the sample. Every element has a characteristic wavelength and the intensity provide details 

about the concentration of the element present in the sample. 

The membrane samples were first weighed into fluoropolymer digestion tubes. 10 ml 

HNO3 and 2 ml HCl were then added to the tube. The digestion tubes were then capped and 

placed in the microwave digestion system. Samples were then heated at 175°C for 5 minutes. 

After digestion, the digested product was brought to a volume of 50 ml using class A 

volumetric flask. Following EPA 6010 method guidelines, the phosphorus analysis was carried 

out in an ICP-OES. 

2.3.4. Filtration capacity evaluation 

Membrane films were cut into circular shape and fitted inside a polypropylene filter 

assembly of 25 mm diameter. A Pb (II) containing solution was prepared of concentration 1 

mg Pb/ L of water. 100 ml Pb (II) solution was passed through the filter assembly at the rate 
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of 1 ml/ min and collected at the end for the evaluation of percentage removal of Pb (II) with 

Perkin Elmer atomic absorption spectroscopy – PinAAcle 900H. 

Atomic absorption spectroscopy technique is used to measure trace elements present 

in a sample. In this technique, the element of interest absorbs light of specific wavelength 

from the cathode lamp, having a cathode made up of same element as the one being studied. 

The excited trace metal in the sample, while returning to its ground state, emits light with 

their characteristic wavelength and intensity, which helps to detect the metal and quantify its 

concentration. 

 

Figure 2.4: Pb (II) ions containing water solution passing through filtration device 

2.4. Results and Discussion 

2.4.1. Mechanical properties 

To begin with, we first tested the mechanical properties of the dried membrane films. 

Figure 2.5. presents the dried membrane films after the immersion precipitation process. The 

membrane films receive stability and became flexible on addition of phytic acid, indicating 

that phytic acid also acts as a stabilizing agent. Such phenomenon is observed because the 

negatively charged phosphoric acid groups associate with the protonated carbonyl group of 

polyvinyl pyrrolidone by electrostatic interactions [10]. 
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Figure 2.5: Cellulose acetate based membrane films 

Figures 2.6 presents the mechanical properties of the composite membranes made 

using CNC, CNF-Amine, and Chitosan. The membranes were tested for their tensile stress, 

elongation at break, and young’s modulus. The composition of the casting solution plays a 

vital role in the mechanical properties of the thin film membrane. The films CNC-P-0 and CHT-

P-0, that contains no amount of phytic acid, wrinkled and did not form a flat sheet membrane, 

and therefore its mechanical properties could not be calculated. 

As can be seen in figure 2.6 (a - c), the mechanical properties of the CNC blended 

membrane film improve with the rise in the concentration of phytic acid with highest value of 

tensile stress and Young’s modulus obtained as 2.72 MPa and 40.26 MPa respectively. Phytic 

acid can form hydrogen bond with cellulose chains. Therefore, the increasing concentration 

of phytic acid promotes dimensional stability and explains the increasing trend in the 

mechanical properties of the CNC blended membrane film [11]. 



 

33 

 

Figure 2.6: Mechanical properties of the film prepared using (a-c) CNC, (d-f) CNF-

Amine, and (g-i) chitosan 

CNF reinforces CA based polymer membrane because of high aspect ratio and good 

mechanical features. Also, CNF has relatively low density, is biodegradable, renewable, non-

toxic, and cost-effective. The interfacial interaction between CNFs and CA matrix, explains 

good tensile strength and elongation at break. The hydrogen bonding between CNF and CA 

leads to rigid polymer structure enhancing mechanical properties [12]. Phytic acid forms 

hydrogen bonds with cellulose nanofibers and also with amine groups [11]. Therefore, in 

Figure 2.6 (d-f), an increase in the mechanical properties of the CNF-Amine blended 

membrane film is observed upon increasing the concentration of phytic acid. 
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In the case of chitosan blended films as shown in Figure 2.6 (g-i), there is no increasing 

or decreasing trend in the mechanical properties. The reason for such phenomenon could be 

uneven dispersion of chitosan in the solution that causes agglomeration of chitosan in the 

films and have an impact on the mechanical property of the membrane film. 

On comparing the mechanical properties of the three different blended films, CNC 

blended films showed superior mechanical properties compared with CNF-Amine and chitosan 

blended films. Inclusion of phytic acid directly impacts CNC and CNF-Amine blended films in 

terms of its mechanical strength. 

2.4.2. Pore size analysis 

The average pore size for each of the films containing CNC, CNF-Amine, and chitosan 

are presented in Figure 2.7 a, 2.7 b, and 2.7 c respectively. The pore size for films containing 

CNC with no amount of phytic acid is not presented because no pores were formed on the top 

surface of the membrane. An enhancement in the pore size of the membrane containing CNC 

with the increase in the amount of phytic acid was observed [10]. However, in the case of 

CNF-Amine and chitosan containing membrane the results appear to be inconsistent with 

respect to phytic acid. 

 

Figure 2.7: Average pore size of the membrane films containing (a) CNC, (b) CNF-

Amine, and (c) chitosan 

2.4.3. Compositional evaluation 

Phosphorus content in the films were determined using inductively coupled plasma 

optical emission spectroscopy to establish the presence of phytic acid. Figure 2.8 a, 2.8 b, 
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and 2.8 c shows that phosphorus is present in the membrane film containing CNC, CNF-

Amine, and chitosan respectively. Also, the amount of phosphorus content in the film 

increases with the increased addition of phytic acid. The presence of phosphorus in the 

membrane films is due to the formation of hydrogen bond by phytic acid with cellulose chains 

and amine group. 

 

Figure 2.8: Phosphorus content in the films containing (a) CNC, (b) CNF-Amine, 

and (c) chitosan 

Next, we compared the above ICP-OES results with the initial amount of phosphorus 

added to the casting solution. The initial amount of phosphorus added in the membrane film 

in an increasing quantity was 76,568 mg/kg (P-1), 153,417 mg/kg (P-2), and 229,704 mg/kg 

(P-3). The retention quantity is found to be the highest for the films containing chitosan 

(Figure 2.9 c), followed by CNF-Amine (Figure 2.9 b), and lastly CNC (Figure 2.9 a). The lost 

phytic acid from the membrane system could be due to its dispersion from thin film solution 

to water solution during the immersion precipitation process. 

 

Figure 2.9: Phosphorus content before and after immersion precipitation in films 

blended with (a) CNC, (b) CNF-Amine, and (c) chitosan 
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2.4.4. Filtration capacity evaluation 

In the filtration experiment, the films containing CNC are found to be performing better 

than the films containing CNF-Amine and chitosan (Figure 2.10). Films containing CNC showed 

up to 60% Pb (II) removal, which is approximately 3-fold better than the films containing 

CNF-Amine and chitosan. A possible reason for Pb (II) binding well in the films containing 

CNC could be the reactive hydroxyl groups of CNC where Pb (II) interacts electrostatically 

[13-15]. Even though the films containing CNF-Amine and chitosan contain more amount of 

phosphorus compared with films containing CNC, these films do not remove enough Pb (II) 

ions from the solution. This could be possibly because all the phosphate groups of phytic acid 

gets utilized with the primary amine of CNF-amine and chitosan leaving no interactive groups 

to bind with Pb (II) ions. While in the case of films blended with CNC, there could be remaining 

phosphate groups to bind with Pb (II) ions. 

 

Figure 2.10: % Pb (II) removal by the membrane films blended with (a) CNC, (b) 

CNF-Amine, and (c) chitosan 

2.5. Conclusion 

Cellulose acetate-based films reinforced with CNC, CNF-Amine, and chitosan were 

successfully prepared. Phytic acid was successfully immobilized inside the membrane film. 

Films blended with CNC performed better in removing Pb (II) ions from water than the films 

blended with CNF-Amine and chitosan. This behavior could be attributed to the reactive 

hydroxyl groups of CNC on which Pb (II) ions binds electrostatically. There is a possibility that 

all the phosphate groups of phytic acid gets used up in binding with the primary amine groups 

of CNF-amine and chitosan leaving little to no opportunity to bind with Pb (II) ions. While in 
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the case of films blended with CNC, there could be available phosphate groups in the system 

for Pb (II) ions to bind with and enhance the membrane system to remove Pb (II) ions from 

water. 

2.6. Future Work 

The results can further be strengthened up by performing an X-ray photoelectron 

spectroscopy of the membrane films after the filtration experiment to check the residual 

amount of Pb (II) ions remaining in the filter membrane. 
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CHAPTER 3: LAYER BY LAYER IMMOBILIZATION OF PHYTIC ACID ON CELLULOSE 

ACETATE BASED MEMBRANES 

3.1. Introduction 

The performance of membranes are restricted by their trade-off between permeability 

and selectivity. In order to improve upon the physicochemical characteristics, provide 

functionality, better selectivity as well as permeability, membrane materials are often 

modified to achieve targeted separation [1]. In this chapter, three different composite 

systems were used to layer a commercially available cellulose acetate-based membrane film 

by a dipping method. The first film system was coated with cellulose nanocrystals (CNC) and 

phytic acid (PA). The second one was coated with cellulose nanofiber (CNF)-amine and PA. 

And the third one was coated with chitosan and PA. 

3.1.1. Background 

A sequential layer-by-layer (LBL) assembly of materials of interest has been explored 

in various fields. There are a variety of LBL assembly technologies such as spin coating, spray 

coating, dipped coating, electromagnetic, vacuum or pressure assisted assembly and additive 

manufacturing [2]. Schematic representation of a few LBL technique is shown in Figure 3.1. 

Several studies have been carried out exploring the mentioned LBL assembly techniques. 

For instance, S. Gao et al., used a LBL technique to create an ultrathin hydrogel on 

polyacrylic acid-grafted-poly (vinylidene fluoride) filtration membrane by applying multilayer 

coat of copper and alginate. They prepared this system to separate crude oil from water which 

required a strong hydration layer over membrane. So, they used alginate that had strong 

hydration ability. Using the LBL construction technique, they were able to control the thickness 

of the membrane at nanometer scale. The prepared membrane was able to separate crude 

oil from water at a water flux rate of 1230 L m-2 h -1 bar-1 at an efficiency of 99.8% [3]. 
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Figure 3.1: Layer-by-layer assembly techniques. Reprinted with permission from 

[2]. Copyright 2016 American Chemical Society. 

Y. Zhang et al., used a LBL approach to deposit a bilayer of graphene oxide (GO) and 

ethylenediamine (EDA) onto a Torlon polyamideimide hollow fiber support. The bilayers were 

formed by dip-coating the hollow fiber membrane first in the solution of GO and then EDA. 

Hyperbranched poly (ethylene imine) was used as the crosslinking agent between GO layer 

and the substrate. GO aligned themselves orderly in vertical direction due to the exerted 

surface tension by the coating solution at the hollow fibers and solution interface. Pb (II) 

rejection % of 95.88+/- 0.93 and 94.57+/-0.57 was obtained for 5 and 10 bilayers 

respectively [4]. 
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3.1.2. Principle 

The formation of LBL systems is driven by factors such oppositely charged electrostatic 

interactions, hydrogen bonding, hydrophobic interactions, and van der Waals forces. Such 

assembly can help to tailor properties such as morphology and thickness. The focus of this 

chapter is an immersive LBL assembly. A typical LBL assembly process consists of formation 

of multilayer thin films under electrostatic forces by repeatedly immersing a base substrate 

in two oppositely charged polyelectrolyte solutions. In this technique, a free-standing film is 

manually immersed in layering solution followed by washing with an appropriate solvent to 

remove excess and loosened material from the film. Then the original film is further immersed 

in the next layering solution followed by washing again with appropriate solvent. In this 

manner, multilayer coatings are performed on a film and the procedure is repeated to get the 

desired number of multilayers [2, 5, 6]. 

3.1.3. Goal of our project 

In this project, an immersive LBL assembly technique was used to incorporate PA onto 

a free-standing membrane film. A commercially brought cellulose acetate based membrane 

film was used as the membrane matrix. A bilayer constituted of an additive solution (CNC, 

CNF-Amine, and chitosan) and PA solution, was applied alternatively by dipping process. Two 

and five number of bilayer membrane films were prepared and characterized. Subsequently, 

the performance of membranes were tested by passing Pb (II) solution through it. 

3.2. Materials and Methods 

3.2.1. Materials 

PA solution 50% (w/w) in H2O, 1-Methyl-2-pyrrolidinone (NMP), polyvinylpyrrolidone 

(PVP), chitosan (CHT, 75-85% deacetylated, Mn 50,000 – 190,000 Da), sodium hydroxide 

(NaOH) and acetone was purchased from Sigma Aldrich. CNC was provided by the University 

of Maine. CNF-Amine was synthesized according to procedure mentioned by R. Hazra, et al. 

[7]. Cellulose acetate-based membrane filter (0.8 µm, 47 mm) were purchased from Tisch 

Scientific. 
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3.2.2. Preparation of dipped layer by layer using cellulose nanocrystal and phytic 

acid 

An aqueous solution of 1 M NaOH was prepared by dissolving 2 g NaOH in 50 ml water. 

A solution of CNC was prepared by adding 0.05 g of CNC in 50 ml water. A PA solution was 

prepared by adding 1 ml of PA in 50 ml water. 

A commercially bought cellulose acetate-based membrane was first deacetylated by 

dipping it in 1 M NaOH solution for 10 min. The first layer over the membrane was prepared 

by dipping the membrane in CNC solution for 1 min. It was followed by dipping it in water to 

get rid of loosely held CNC. The second layer over the membrane was prepared by dipping 

the membrane in PA solution. It was followed by dipping it in water to get rid of loosely held 

PA. This process was repeated to obtain desired number of bilayers. 

3.2.3. Synthesis of CNF-Amine 

CNF-Amine was prepared as described in the previous chapter 2, section 2.2.3. 

3.2.4. Preparation of dipped layer by layer using CNF-Amine and phytic acid 

An aqueous solution of 1 M NaOH was prepared by dissolving 2 g NaOH in 50 ml water. 

A solution of CNF-Amine was prepared by adding 0.5 g of CNF-Amine in 50 ml water. A PA 

solution was prepared by adding 1 ml of PA in 50 ml water. 

A commercially bought cellulose acetate-based membrane was first deacetylated by 

dipping it in 1 M NaOH solution for 10 minutes. First layer over the membrane was prepared 

by dipping the membrane in CNF-Amine solution for 1 minute. It was followed by dipping it 

in water to get rid of loosely held CNF-Amine. The second layer over the membrane was 

prepared by dipping the membrane in PA solution. It was followed by dipping it in water to 

get rid of loosely held PA. This process was repeated to obtain desired number of bilayers. 

3.2.5. Preparation of dipped layer by layer using chitosan and phytic acid 

An aqueous solution of 1 M NaOH was prepared by dissolving 2 g NaOH in 50 ml water. 

A solution of chitosan was prepared by adding 0.5 g of chitosan in 50 ml water. To this 

mixture, an acidic solution of 1 ml water and 0.5 ml acetic acid was added for dissolving 
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chitosan in water. The pH of this solution was adjusted to 3.0 with HCl. A PA solution was 

prepared by adding 1 ml of PA in 50 ml water. 

A commercially bought cellulose acetate-based membrane was first deacetylated by 

dipping it in 1 M NaOH solution for 10 minutes. First layer over the membrane was prepared 

by dipping the membrane in chitosan solution for 1 minute. It was followed by dipping it in 

water to get rid of loosely held chitosan. The second layer over the membrane was prepared 

by dipping the membrane in PA solution. It was followed by dipping it in water to get rid of 

loosely held PA. This process was repeated to obtain desired number of bilayers. 

3.3. Characterization Methods 

3.3.1. Mechanical properties 

The mechanical tests of the composite membranes were conducted according to ASTM 

D638, with Instron 5542 material testing instrument at temperature of 25°C. In this 

technique, a specimen is first cut into a specific shape and dimension, and fastened between 

two grips. It is then subjected to a pulling force until the specimen fractures, and its strength 

and elongation is determined. The membrane films were cut into Type V dimensions dog bone 

shape of width 3.18 mm, length 9.53 mm, and the draw speed was set at 0.5 mm/ min. The 

film was attached between two clamps of the machine. An average of three readings were 

recorded for tensile strength, tensile strain at break, and young’s modulus to determine the 

mechanical property of the composite membranes. 

3.3.2. Porosity and microstructure 

Scanning electron microscope was used to capture microscopic images of the 

membrane films and analyze them on a microscopic scale. In this technique, high energy 

electron beam is passed through set of lenses on to the sample. The secondary and 

backscattered electrons generated from the sample is detected by the detector and a 

microscopic image is produced. Sample material was attached to cylindrical aluminum mounts 

with carbon adhesive tabs (Ted Pella, Redding, California, USA). Mounted specimens were 

sputter coated with a conductive layer of gold (Cressington 108auto, Ted Pella, Redding, 
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California, USA). Images were obtained with a JEOL JSM-6490LV scanning electron 

microscope (JEOL USA, Inc., Peabody MA, USA). 

The pore size of the films was calculated using the software Image J. An SEM image 

of a particular film was taken as shown in Figure 3.2 a. Circular shapes were drawn over the 

pores manually to calculate its area. Once all the pores of a particular image were taken into 

consideration, pore diameters were calculated from its obtained area and a histogram of pores 

diameter were plotted to calculate its mean diameter (Figure 3.2 b). 

 

Figure 3.2: SEM image of (a) the membrane film, and (b) histogram of pore size 

diameter 

3.3.3. Surface phosphorus mapping 

Energy dispersive X-ray spectroscopy (EDX) technique was used to determine the 

chemical composition of a material in a particular spot size of few microns in the sample, and 

to map element composition across a region. Energy-dispersive X-ray information was 

collected at an accelerating voltage of 15kV using a Thermo Scientific Ultra dry Premium 

silicon drift detector with NORVAR light element window and Noran System Six imaging 

system (ThermoFisher Scientific, Madison WI, USA). 

3.3.4. Surface elemental composition 

X-ray photoelectron spectroscopy (XPS) was carried out to determine the surface 

elemental composition of the adsorptive membrane. This instrument operates by irradiating 
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the sample with an X-ray beam, then measuring the kinetic energy and number of electrons 

rejected. XPS was performed using Thermo Scientific K-Alpha with aluminum anode and the 

spectra was analyzed on Thermo advantage. The sample was first cleaned by soft argon ion 

cluster etch for 30 seconds at 4,000 eV. The spot size of the X-ray was 400 micron. The 

survey scans were run at 200 eV Pass Energy (10 scans each and averaged), 10 ms dwell 

time with 1.0 eV step size. The Hi resolution scans for P2p were run at 50 eV Pass Energy (10 

scans each and averaged), 50 ms dwell time and 0.1 eV step size. 

3.3.5. Filtration capacity analysis 

Membrane films were cut into circular shape and fitted inside a polypropylene filter 

assembly of 25 mm diameter. A lead containing solution was prepared of concentration 1 mg 

Pb/ L of water. 100 ml lead solution was passed through the filter assembly at the flow rate 

of 0.05 ml min-1 cm-2 and collected at the end for the evaluation of percentage removal of Pb 

(II) with Perkin Elmer atomic absorption spectroscopy – PinAAcle 900H. Experiments were 

conducted in triplicates and averaged out to obtain a mean. 

Atomic absorption spectroscopy technique is used to measure trace elements present 

in a sample. In this technique, the element of interest absorbs light of specific wavelength 

from the cathode lamp, having a cathode made up of same element as the one being studied. 

The excited trace metal in the sample, while returning to its ground state, emits light with 

their characteristic wavelength and intensity, which helps to detect the metal and quantify its 

concentration. 
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Figure 3.3: Pb (II) ions containing water solution passing through filtration device 

3.4. Results and Discussions 

3.4.1. Mechanical properties 

As can be seen in Figure 3.4, the tensile strength of the membrane is found to 

decreasing on increasing the number of layers. This might be due to the hydrolysis of the 

ether bond in cellulose acetate units by aqueous solution of PA occurring during the LBL 

process, resulting in weakening of tensile strength [8]. On comparing the tensile strength of 

the three differently treated films, the tensile strength of the films layered with chitosan/ PA 

is found to be dropped significantly as compared with CNC/ PA and CNF-Amine/ PA. This 

change in tensile property also resulted in the chitosan/ PA membrane film characteristic to 

change from soft to brittle. 
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Figure 3.4: Mechanical properties of the membrane films layered with (a - c) CNC/ 

PA, (d - f) CNF-Amine/ PA, and (g - i) chitosan/ PA 

3.4.2. Porosity and microstructure 

Figure 3.5 shows that the average pore diameter of the membranes increased as the 

number of layers applied on the membrane increased from 2 layers to 5 layers. This 

phenomenon was observed for the films layered with CNC/ PA, CNF-Amine/ PA and also 

chitosan/ PA. PA can be seen to be destroying the pores of the cellulose acetate based 

membrane resulting in increased pore size. Such phenomenon has also been observed in 

PVDF membranes [9]. 
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Figure 3.5: Average pore size of the membrane films layered with (a) CNC/ PA, (b) 

CNF-Amine/ PA, and (c) chitosan/ PA 

3.4.3. Surface phosphorus mapping 

Energy dispersive X-ray spectroscopy was performed on the membrane film layered 

with chitosan/ PA to check for the presence of phosphorus. As can be seen in Figure 3.6, the 

membrane film layered 2x with chitosan/ PA (Figure 3.6 b) and the membrane film layered 

5x with chitosan/ PA (Figure 3.6 c) showed significant presence of phosphorus. 

The maps obtained from energy dispersive x-ray spectroscopy showed the presence 

of phosphorus on the surface of the films. However, a minute traces of the yellow spots are 

from the gold particles that was used to make the surface of the film conductive as can be 

seen in the control film in Figure 3.6 a. The Kα and the Kβ value of phosphorus is 2.010 keV 

and 2.139 keV that is close to Mα value of gold which is 2.123 keV. 

 

Figure 3.6: Elemental maps of phosphorus on (a) control film, (b) DipLBL CHT-2, 

and (c) DipLBL CHT-5 
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3.4.4. Surface elemental composition 

The presence of nitrogen, oxygen, carbon, and phosphorus was confirmed by XPS. The 

phosphorus content in 2 layers film and 5 layers film containing CNC was 0.51 atomic % and 

0 atomic % respectively. The phosphorus content in 2 layers film and 5 layers film containing 

CNF-Amine was 1.125 atomic % and 1.32 atomic % respectively. The phosphorus content in 

2 layers film and 5 layers film containing chitosan was 5.91 atomic % and 5.32 atomic % 

respectively. The low presence of phosphorus on the membrane film layered with CNC/ PA 

and CNF-Amine/ PA may be due to the weak interfacial adhesion of CNC and CNF-Amine with 

the cellulose acetate membrane matrix that does not allow PA to deposit on the surface of 

the film. The successful presence of phosphorus on the film layered with chitosan/ PA is 

attributed to the ionic complexation of positively charged chitosan and negatively charged PA 

[10, 11]. Therefore, the intensity of the phosphorus peaks in chitosan/ PA (Figure 3.7 c) is 

the highest followed by CNF-Amine/ PA (Figure 3.7 b), and CNC/ PA (Figure 3.7 a). The peak 

signals are also observed to plateau or drop as the number of layers increases. That explains 

the limitations of the membrane film towards loading of the PA on the surface of the film. 

 

Figure 3.7: Phosphorus content on the films layered with (a) CNC/ PA, (b) CNF-

Amine/ PA, and (c) Chitosan/ PA 

3.4.5. Filtration capacity evaluation 

The control films removes certain amount of Pb (II) ions because of the electrostatic 

force between the Pb (II) ions and the ester group oxygen atoms in the cellulose acetate [12]. 

The films coated with chitosan/ PA removed up to 90% of Pb (II) ions from the water solution. 
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The increase in the adsorption of Pb (II) for the films coated with chitosan/ PA (Figure 3.8 c) 

is due to the introduction of nitrogen and oxygen containing functional group from chitosan, 

and PA. The Pb (II) removal capacity also correlates with XPS data of phosphorus presented 

in the section 3.4.4. This explains the successful immobilization of PA onto the chitosan/ PA 

layered membrane film and effective removal of Pb (II) ions from water. 

 

Figure 3.8: % Pb (II) removal by membrane films layered with (a) CNC/ PA, (b) 

CNF-Amine/ PA, and (c) chitosan/ PA 

3.5. Conclusion 

In conclusion, the films layered with chitosan/ PA performed twice as better in 

removing Pb (II) ions from water solution in relation to the films layered with CNC/ PA and 

CNF-Amine/ PA. Chitosan/ PA layered membrane films showed up to 90% efficiency in 

removing Pb (II) ions from water solution. This observation was mainly attributed to the 

adsorption of Pb (II) ions by PA that is adhered to the cellulose acetate-based membrane film 

with the help of chitosan. The same results were not found in the case of CNC/ PA and CNF-

Amine/ PA because CNC and CNF-Amine does not adhere well to the cellulose acetate-based 

membrane surface due to weak interfacial interaction and PA directly does not form a strong 

bond with the membrane film surface. However, despite this successful Pb (II) ion removal 

result by the membrane layered with chitosan/ PA, the film itself diminishes down in its 

mechanical strength as the layering treatment on the film is increased, making it mechanically 

unstable. This could be due to the breakage of the ether bonds on the support membrane 
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that results in increased porosity, and the changing characteristic on the film from soft to 

brittle upon drying. 

3.6. Overall Conclusion 

We found that the cellulose acetate based membrane films blended with CNC and 

prepared using immersion precipitation method, performed three fold better at removing Pb 

(II) ions from water solution than those containing CNF-amine and chitosan. The removal 

efficiency of up to 60% was achieved with the membrane films blended with CNC. The reason 

for the removal of Pb (II) by the CNC containing membrane could be due to the chelation of 

Pb (II) ions by the phosphate groups of PA combined with the electrostatic attraction of Pb 

(II) ions with the hydroxyl group in CNC. The removal of Pb (II) ions was not so evident in 

case of CNF-amine, and chitosan. That could be because of the unavailability of the phosphate 

groups of the PA, as those phosphate groups would be electrostatically complexed with amines 

of CNF-amine and chitosan. 

While in the case of commercially available cellulose acetate based membrane films, 

we found that the membrane films layered with chitosan/ PA performed better at removing 

Pb (II) from water solution that the membrane films layered with CNC/ PA and CNF-amine/ 

PA. The removal efficiency of up to 90% was achieved with the membrane films coated with 

chitosan/ PA. This removal mechanism was attributed to the chelating effect of PA with Pb 

(II). 

3.7. Challenges and Future Outlook 

In NIPS method, Since the amount of PA loaded into films is less than 10% of the feed 

amount of PA, we assume that most of PA is lost during the processing and fabrication of the 

films. That explains that our synthesis technique has a low atom economy, which results in a 

large amount of waste, and calls for improvement of processing conditions in future efforts. 

We could also focus on modifying the chemistry of PA to covalently link the acid to membrane 

scaffolds to increase PA content in the film. Improving the retention quantity of PA in the 

membrane could also potentially improve the membranes efficiency in removing Pb (II) ions 
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from water. NIPS method is fundamentally associated with waste generation and recycling – 

a challenge that needs to be tackled as far industrial scaling up is concerned [13]. 

In the dipped LBL technique, the physical characteristic of the film was found to be 

deteriorating as the amount of layers of chitosan/ PA was increasing. So, work towards 

functionalizing the membrane film while maintaining its integrity can be looked into. In 

addition, we also faced issue of cross-contamination while transferring membrane film from 

one solution to another. Therefore, there is an opportunity to improve the product and the 

synthesis processes from the aspect of green chemistry principles. 
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