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          The world faces urgent problems related to global water pollution. New fast, efficient, 

green, and cost-effective purification technologies can play a crucial role in solving 

contamination issues and offering fresh water supplies. In this research, two of the most 

abundant natural polysaccharides, cellulose and chitin, are extracted from wood pulp and shrimp 

shells, respectively, by using a series of chemical/physical treatments to produce nanofibers of 5 

nm to 20 nm in width and a few microns in length, and investigated as functional components in 

water purification membranes. These naturally occurring nanofibers were thiol-modified to 

improve their ability to adsorb heavy metal ions, such as chromium, lead and arsenic from 

polluted water. In addition, these thiol-modified nanofibers were incorporated into high-flux 

fibrous microfiltration membranes fabricated by electrospinning to make nanofibrous composite 

membranes with high adsorption capacity of heavy metal ions (such as chromium, lead and 

arsenic), due to the large surface area-to-volume ratio and effective chemical functionality. The 
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modified nanofibrous composite membranes also demonstrated good stability and could be used 

and regenerated multiple times with high recovery efficiency after metal ion removal. 

Furthermore, novel ultrafiltration membranes were created by radical polymerization within the 

cellulose nanofibrous top barrier layer of the composite membrane. One example membrane 

could reject contaminated particles with sizes larger than 15 nm from water and also 

demonstrated excellent chemical resistance.  
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Chapter 1 Introduction 

1.1 Global water crisis 

1.1.1 Fresh water scarcity  

Currently, it is one of the biggest challenges to provide safe and clean drinking water to 

the world’s 7.2 billion and growing population. However, the uneven regional distribution  of the 

global water supply, industrial pollution, and inadequate sanitation has led to water resource 

scarcity [1]. Moreover, over 70% of fresh water withdrawals are for agriculture purposes, leading 

to conflicting issues of decreasing water supplies for agricultural production and an increase in 

human water demands [2].   According to the 2012 World Water Development Report [3], there 

were more than 700 million people in 43 countries suffering from water scarcity. By the year 

2025, this number could rise to 1.8 billion. As shown in Figure 1.1, sub-Saharan Africa areas are 

the most water-stressed regions and between 75 million and 250 million people are living in 

some arid and semi-arid places. What is worse is the difficulty in the prediction of regional 

hydrology, resulting from uncertainty of climate changes, leading to insufficient water supply 

plans and potential damage in both drylands and wetlands[4]. According to the EM-DAT 2009 

annual report, there were about 10 million people in the U.S. exposed to drought (with zero 

annual deaths), and about 25 million exposed to drought in China (with over 100 annual deaths) 

(Figure 1.2) [4].  
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Figure 1.1 Global water scarcity (2012)[3] 

 

 

 

Figure 1.2 Relative global droughts induced human vulnerability (www.emdat.net) [4] 

 

http://www.emdat.net/
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1.1.2 Water contamination and related human health Problems 

Water pollution could be caused by various reasons, such as manufacturing, production, 

and mining. For example, mining operations consume large amounts of water and produce large 

waste deposits that can be oxidized in the air and precipitate causing polluted rainfall into rivers 

and lakes leading to contamination of water resources. The extraction of one kilogram of rare 

metals could result in up to 1000 tons of wastewater production [5].  These waste streams are 

massively contaminated with heavy metal ions (such as chromium, lead, arsenic and copper) and 

with mining chemicals. Such contaminated water has both short-term and long-term effects on 

aquatic life and human health [6]. Figure 1.3 demonstrates a representative relationship between 

various types of pollution and corresponding health effects. As illustrated, the contaminants 

include bacteria, viruses, heavy metal ions, pesticide chemicals, and other toxic chemical 

compounds and particles from air pollution that could cause headaches, fatigue, respiratory 

illness, cardiovascular illness, gastroenteritis, and increase the risk of cancer, nausea, and skin 

irritation, respectively [7]. In fact, water pollution is one of the major threats to human health, 

because contaminants in air and soil may dissolve in rainfall and eventually go to pollute rivers, 

lakes, and watersheds. Therefore, water purification plays a crucial role in providing a healthy 

life standard.  
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Figure 1.3 Health effects by various types of pollution [7] 

To be more specific, both long term and short term intake of heavy metal ions in polluted 

water could cause the following human health problems as listed in Table 1.1. Heavy metal ion 

pollution can be generated by both agriculture and heavy industry, such as welding, painting, 

pesticide use, coal burning, mining, paper making, battery fabrication and unappropriated 

disposal. In water resources in many regions of the world, the heavy metal ion contamination 

levels are a 50 to 100 times higher than the World Health Organization (WHO) safety standard. 

The contaminations and their corresponding purification technologies will be discussed in the 

following chapters.  

Table 1.1 Types of heavy metal and corresponding health effects [8, 9] 
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Heavy 

Metal Ions 
Pollution Resources Human Toxicity 

WHO Safety 

Level  

Chromium Welding Allergic dermatitis 500 ppb 

Lead 
Paint, pesticide, automobile 

emission, coal burning 

Liver, kidney damage, mental 

retardation in children 
100 ppb 

Arsenic 
Pesticides, fungicides, metal 

smelters 

Cancer in liver, kidneys, lungs, 

bladder, skin lesion and 

dermatitis 

20 ppb 

Mercury 
Pesticides, batteries, paper 

industry, mining 

Damage to nervous system, 

protoplasm poisoning 
10 ppb 

 

1.2 Water purification nanotechnologies  

Faced with urgent problems related to global water pollution, purification technologies 

involving fast, efficient, green, and cost-effective means can play a crucial role in solving 

contamination issues and offering fresh water supplies. There are diverse types of water 

purification technologies, such as bio-sorption[10], inorganic adsorbents[11], chemical 

precipitation[12], and ion exchange[13]; the methods are based on different chemical and 

physical affinities. Also, membrane filtration [14] is a well-known method widely used both in 

industry and home supplies. Membrane filtration types do not have strict definitions, but 

generally can be categorized as  microfiltration (MF) (pore size larger than hundreds of 

nanometers) [15], ultrafiltration (UF) (pore size ranging from 10 nm ~ 100 nm) [16], 

nanofiltration (NF) (pore size ranging from 1 nm to 10 nm) [17] and reverse osmosis (RO) (pore 

size less than 1 nm) [18], which are based on the size-exclusion relation between particle filtrate 

sizes and membrane pore sizes.  
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1.2.1 Nanomaterial-based adsorption technology  

Adsorption describes a mechanism of molecules or particles of a substance, known as 

adsorbate, adsorbing on some solid surface, known as adsorbent [9]. There is a diversity of 

factors that can influence the adsorption performance, such as adsorbent size, surface contact 

area, contact time, solution temperature and pH [19]. Among the natural and synthetic 

adsorbents, nanomaterials stand out due to their small particle (or fiber diameter) size and their 

porous or nanofibrous structure which can provide large surface-to-volume ratio and tremendous 

amounts of adsorption sites.  

In recent years, carbon-based nanomaterials have become a hot topic in various fields of 

basic study and application-based work. A number of studies on both single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) were applied to remove 

natural organic matter (NOM), consisting of a variety of organic compounds that were generated 

by plant deposition and animal residues [20], and to remove heavy metal ions [21, 22] from 

various water resources. Researchers have found out that the mechanism of NOM adsorption by 

CNTs was based on both the hydrophobic effect between the two substrates and the π–π electron 

donor–acceptor effect. In addition, some researchers took advantage of the large surface-to-

volume properties of carbon nanotubes and combined it with the coagulation of aluminum 

sulfate[23] or ferric chloride to remove NOM efficiently from water [20].  

Natural polysaccharides such as cellulose- and chitin-based nanomaterials are another 

research area that has drawn much attention. After extraction from the natural bio-residues, 

followed by a series of chemical and mechanical treatments, and owing to the inherent 
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hierarchical structure, they can be applied for waste water disposal including heavy metal ion 

removal. For instance, negatively charged ions can be adsorbed on the positively charged 

deacetylated chitin due to protonation of the amine in acidic conditions; or positively charged 

ions can be attracted by negatively charged sulfate-functionalized cellulose nanocrystals 

providing an Ag+ maximum adsorption capacity of 34.4 mg/g , as shown in Figure 1.4 [24]. 

 

 

 

Figure 1.4 Schematic representation of Ag+ adoption mechanism to modified cellulose 

and chitin nanocrystals by opposite charge interactions (figure reprinted with permission from 

reference [24]) 

 

Furthermore, there are studies on adsorption performance by synthesis of nanocellulose 

hybrids such as a class of hybrids containing reactive polyhedral oligomeric silsesquioxane 

(POSS) [25]. As described in this study, bleached cellulose fabrics from cotton fibers were cross-
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linked by the reactive-POSS structure, as shown below in Figure 1.5. The large amount of 

hydroxyl groups and amino groups from POSS could provide tremendous amount of active  sites 

for chelating complex formation with copper and nickel ions with, respectively, 24.5 mg/L and 

8.1 mg/g [25]. Since the cellulose-hybrid adsorbents were neutral at all pH conditions, the 

adsorption mechanism was based on the chelating effect among metal ions and amino, hydroxyl 

groups. In addition, POSS could have higher adsorption of Cu2+ than Ni2+ because of the high 

stability of the copper amino complex, for which copper complexes formed the predominant 

species [26].  

 

Figure 1.5 Chemical structure of reactive POSS (figure reprinted with permission from 

reference [25]) 
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1.2.2 Nanofibrous media filtration technology 

    Membrane filtration has been widely used in water purification to separate solids and 

liquids or particles with different sizes by size exclusion [14]. Nanofibrous media based 

membrane filtration can provide high fluid flux efficiency, which is strongly corresponding to 

fiber sizes, uniformity, mechanical properties, and life time. As shown in Figure 1.6, smaller 

fiber diameters composed membrane with same pore size can generate higher fluxes.[27] 

 

Figure 1.6 Nanofibrous media fiber size and pore size relationship [27]  

As briefly mentioned previously, the nanofibrous filtration membrane can be categorized 

into the following four types based on pore sizes: microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO). All are shown in Figure 1.7. 
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Figure 1.7 Various filtration types based on size exclusion [28] 

The microfiltration (MF) membrane is commonly a polymeric filter that contains millions 

of microscopic pores ranging from 0.1 µm to 10 µm, sizes targeting the removal of bacteria, oil 

emulsion, and pathogens usually with operating pressure 5 to 25 psi [29]. MF membrane filters 

made of different materials have been created, developed and commercialized, such as ceramic 

membranes [30, 31],  e-spun nanofiber membranes [32, 33], and phase inversion polymeric 

membranes [34], as shown in Figure 1.8. 
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Figure 1.8 SEM images of top view (A, C, E) and cross-section (B, D, F) of MF 

membranes fabricated from different materials. (A, B) MF membrane made by using the phase 

inversion method of poly (ethylene glycol) [34]; (C, D) MF membrane made of ceramic 

materials [31]; (E, F) MF membrane made from E-spun nanofibers of polyvinylacohol  (PVA) 

[33].( Figures reprinted with permission from the corresponding references) 
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Ultrafiltration (UF) membranes, made of polymers, such as polysulfone, cellulose 

acetate, and regenerated cellulose, have been widely used in a variety of industries, including 

food, beverage [35], and medical applications due to its small pore sizes, ranging from 10 nm to 

100 nm, to remove particles, such as proteins, gelatin and viruses  [36]. The mechanism of UF 

membrane filtration can be categorized as physical rejection, with particles bigger than the pore 

size being rejected [37]; with chemical interactions, particles could still be rejected even though 

the contaminate particle sizes are smaller than the membrane pore size. Thus, by taking 

advantage of membrane properties, such as functional groups [38], the UF membrane can be 

incorporated with certain media reactors of microbial organisms, such as biofilms to degrade 

biodegradable contaminates [39]. The fabrication of UF membranes can be as simple as coating 

a top fibrous barrier layer with finer fibers of comparable porosity, such as cellulose or chitin 

nanofibers to reach the pore size requirement [40].  

Nanofiltration (NF) membranes refer to membranes with pore sizes ranging from 1 nm to 

10 nm, aiming to remove particles such as sugar (lactose), certain salts, and metal ions in 

aqueous solution [41].  In particular, membranes can be fabricated by cellulose acetate, 

polyamide, or polyimide, which can either have symmetric or asymmetric structures [42]. The 

separation mechanism of NF membranes can be a complex combination of steric hindrance 

effects, Donnan effects, and dielectric effects. Correspondingly, the membrane top barrier layer, 

which is commonly composed of a 3D network structure of polymer chains, plays the crucial and 

dominant role in separation efficiency [43]. 

Reverse osmosis (RO) membranes refer to membranes with pore sizes ranging from 0.1 

nm to 1 nm, that mostly reject metal ions or anything larger than ions. This technology has been 

developed ever since 1970s for seawater desalination [44]. It is a high pressure-dependent and 
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pressure-driven process; the membrane could be asymmetric with highly condensed layers 

(usually polyamide generated by interfacial polymerization), and the mechanism could be by size 

exclusion rejection, charge exclusion rejection, and physical-chemical interactions among the 

solute, solvent, and membrane [45]. Additionally, one of the biggest challenges in dealing with 

membrane filtration is the fouling problem. That is why, industrially, cross flow filtration is 

widely applied rather than direct (dead-end) filtration [39, 46].  

 

1.2.3 Electrospinning in nanofibrous media preparation and applications 

Electrospinning technology has been widely used for providing membranes with 

relatively more uniform pore sizes both in academic research and in industry. There are a variety 

of materials that can be used in electrospinning, such as ceramic materials [47], natural 

polysaccharides (chitin, chitosan) [48] and polymeric hybrid composite materials [49, 50].  

Though a variety of electrospinning instruments exist, fundamentally, the basic 

mechanism of electrospinning is similar, as shown in Figure 1.9. A fluid, usually composed of a 

solute (e-spun material) and  a solvent or solvent mixture, is slowly but continuously flowing 

from a spinneret to a collector under an applied electric field [51]. Specifically, the surface 

tension of the fluid at the spinneret tip is overcome,, causing the polymer solution to form a 

conical cone, known as the Taylor cone [52], as shown in Figure 1.9 (a). A jet stream is then 

formed, as shown in Figure 1.9 (b). Eventually, the polymer solution jet coming out of the tip 

forming a steady ejection, as shown in Figure 1.9 (c) [53]. After a certain period of time, the e-

spun fibers collected would demonstrate a similar matrix morphology as schematically shown in 

the Figure 9 (d) and in the SEM image as shown in Figure 1.9 (e) 
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Figure 1.9 Schematic representations of electrospinning in which represent the radius of 

the capillary that contains e-spun materials, R refers to the curvature radius of the electrode used. 

(a) Taylor cone formed in applied electric field, (b) fluid e-spun solution ejects out of Taylor 

cone, (c) Taylor cone relaxation induced by surface tension, (d) 3D cartoon of nonwoven 

electrospun matrix with “soldered junctions”  [53] and (e) SEM image of e-spun 

polyacrylonitrile (PAN) nanofibers [38] (figure reprinted with permission). 

A multiple spinnerets instrument for continuous electrospinning production is shown in 

Figure 1.10 (A). The instrument was designed, constructed, and tested in the Department of 

Chemistry at Stony Brook University.  Figure 1.10 (B) shows a schematic representation of the 

essential components of a single jet apparatus: an automatic syringe pump continuously injects a 

measured amount of solution out of the syringe; a certain voltage is applied between the 

spinneret and the speed-adjustable rotating collector; at the same time, temperature and humidity 

can be monitored and controlled during the electrospinning process [49, 50].  
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Figure 1.10 Professor Benjamin Chu, Benjamin Hsiao’s research lab continuous 

electrospinning workstation in the Department of Chemistry, Stony Brook University. (A) Photo 

image of electrospinning working station, (B) Schematic representation of a single-jet 

electrospinning unit [54]  

As mentioned above, e-spun nanofibers can be a good candidate for producing the 

membrane filtration media and scaffolds. In addition , e-spun nanofibers have also gained 
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popularity for many different applications, such as cosmetic skin mask, tissue engineering 

scaffolding, nanosensors, electrical engineering, military protective clothing, et al [53].  

1.3 Polysaccharides as potential water purification materials   

Polysaccharides are naturally abundant and renewable resources. They can be used for a 

variety of applications: for instance, starch as food supplies, cotton or jute as clothing materials, 

paper for communication purposes, sea shells for decorations, and wood for construction [55]. 

To summarize, there are mainly three different types of polysaccharides: cellulose, chitosan, and 

starch, as listed in Table 1.2.  Among those materials, cellulose and chitin are the most abundant 

structural polysaccharides and their chemical structures are shown in Figure 1.12. 

Table 1.2 Three major polysaccharides products and production 

 

 

Figure 1.12 Cellulose, chitin and chitosan chemical structure (figure reprinted with permission 

from reference [59]) 

Polysaccharide Materials Global Production 

Man-made Cellulose Fibers 4700 kton in 2011 [56] 

Starch Polymers 40 kton in 2006 [57] 

Chitin/chitosan 7800 kton in 2010 [58] 
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Cellulose nanofibers can be extracted from plant cells; the most abundant resource is 

trees.  Figure 1.13 gives out a schematic process of cellulose extraction from the hierarchical 

structure: the cellulose chains aggregate and form a fiber structure with a dimension of several 

nanometers in width; then the fibers form bundles in a fiber-matrix structure, which comprises 

the scaffold and the major component of the cell wall; the cellular structure is composed of cells 

arrayed in micrometer scales leading to the millimeter scale of the growth ring of trees.  

 

Figure 1.13 Schematic representation of cellulose extraction process from tree (figure reprinted 

with permission from reference [60]) 
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          Different methods have been applied for the extraction of cellulose from its original 

resource. There are generally two types of cellulose particles in nanoscale: one is cellulose 

nanocrystals and the other is micro-fibrillated cellulose [61].  The major processes of cellulose 

nanoparticle production are shown in Figure 1.14. Previous studies have used H2SO4 hydrolysis 

and homogenization to produce cellulose nanowhiskers, cellulose nanocrystals and microfibril 

cellulose (MFC) from grass fiber, cotton filter paper, and bacterial cellulose [62-64]. In addition 

to hydrolysis and mechanical treatments, the TEMPO oxidation method [65, 66] is another 

popular and efficient way to produce ultra-fine cellulose nanofibers with even smaller sizes and 

higher uniformity, which will be further detailed in the dissertation research.  
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Figure 1.14 Cellulose nanoparticle production process (figure reprinted with permission from 

reference [60]) 

          Chitin is a linear copolymer consisting of 2-acetamido-2-deoxy-β-d-glucose through a β (1

→4) linkage that can be extracted from crab and shrimp shells or from some natural fungi as a 

support layer [67].  Based on Figure 1.12, it is easy to see that chitin and chitosan are of similar 

scaffold structure units, where chitosan is the N-deacetylated derivative of chitin. There is no 

clear boundary between the definition of chitosan and chitin [68].  As presented in Figure 1.15, 

based on the chitin extraction from crab shell, the chitin molecules can form crystalline 

structures which are encapsulated by protein layers at the nanometer scale. The fiber matrices 

aggregate to form large bundles of chitin nanofibers. In a certain orientation, the rigid bouligand 

structure can be formed by the nanofiber network, and minerals, such as carbonates, are 

incorporated in it. Eventually, the shell structure is formed from certain patterns of stacking 

sequences.  
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Figure 1.15 Schematic representation of  chitin extraction from crab shell (figure reprinted with 

permission from reference [59]) 

          For past decades, researchers have been using various methods and chemicals to extract 

chitin nanoparticles from the original resources. The chitin extraction scheme from seashells can 

be summarized in the following typical way in Figure 1.16. Strong acid HCl and strong base 

NaOH are the two essential chemicals to treat raw materials to remove minerals (such as 

carbonate) and protein from the bouligand network structure; mechanical treatment, such as 

grinding or sonication, are also important to bring down the fiber from the network bundles and 

to isolate the fibers.  
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Figure 1.16 General chitin nanofiber preparation process (figure reprinted with permission from 

reference [59]) 

          In addition to their naturally abundant availability, renewability, and environmentally 

friendly properties, cellulose and chitin nanofibers were well studied due to their ultra-fine 

structures in the nanoscale as well as the functional groups on the surface of those nanofibers, 

such as hydroxyl and amine groups, that can be directly used in medical, immunological, and 

material sciences, and in water treatment applications [69]. Besides, further modification 

reactions could also be applied in combination with the abundant functional groups to increase 
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the fibers functionality. Therefore, both the nanostructure and the diverse functionality make 

cellulose and chitin nanofibers outstanding candidates for water purification. 

1.4 Research objectives 

This doctoral thesis focuses on preparation, modification and characterization of ultra-

fine (size uniformed nanoscale) cellulose and chitin nanofibers. Carboxylate-rich cellulose and 

amine-rich chitin fibers were produced for further functionalization by grafting thiol groups for 

removal of heavy metal ions (such as chromium, lead and arsenic) at different pH values and 

contact times, as well as with high regeneration efficiency. Also, electrospinning technology was 

applied to provide high water flux within the interconnected membrane structure. Infusion of 

functionalized carbohydrate nanofibers into electrospun membranes and further modification 

with a cross-linked polymer layer enabled the production of functionalized MF and UF 

membranes for separation and water purification applications. 
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Chapter 2 Thiol-modified Cellulose Nanofibrous Composite 

Membranes for Chromium (VI) and Lead (II) Adsorption 

 

Abstract 

Oxidized cellulose nanofibers (CNF), embedded in an electrospun polyacrylonitrile 

(PAN) nanofibrous scaffold, were grafted with cysteine to increase the adsorption capability for 

chromium (VI) and lead (II). Thiol-modified cellulose nanofibers (tm-CNF) were characterized 

by titration, FT-IR, energy dispersive spectroscopy (EDS) and SEM techniques. Static and 

dynamic Cr(VI) and Pb(II) adsorption studies of tm-CNF nanofibrous composite membranes 

were carried out as a function of pH and of contact time. The results indicated that these 

membranes exhibited high adsorption capacities for both Cr(VI) (87.5 mg/g) and Pb(II) (137.7 

mg/g) due to the large surface area and high concentration of thiol groups (0.9 mmol of -

SH/gram tm-CNF). The morphology and property of tm-CNF nanofibrous composite membranes 

was found to be stable, and they could be used and regenerated three times with high recovery 

efficiency. (Copyright of this article to reuse in this thesis was obtained from Elsevier publisher 

Copyright Clearance Center) 

 

Keywords: cellulose nanofiber, thiol-modification, heavy metal ions removal, nanofibrous 

membrane 
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2.1 Introduction 

Heavy metal pollution caused by agriculture and manufacturing (e.g., mining and 

automobile manufacturing) industries is a worldwide problem [1]. The pollutants can 

contaminate rivers and lakes, and be a major threat to public safety, especially for drinking water. 

For example, according to the World Health Organization (WHO), the health effects of long term 

exposure to 0.015 ppm of lead (II) include headache, irritability, abdominal pain and various 

symptoms related to the nervous system [2], and long-term exposure to chromium (VI) levels 

over 0.1 ppm can cause respiratory problems, kidney and liver damage [3]. 

For heavy metal removal, the adsorption method is a cost-effective approach [4-7], which 

also offers great flexibility in design and operations.  In some instances, adsorption can be used 

together with filtration to yield better efficiency in applications such as drinking water 

purification. As most sorption processes are reversible, adsorbents can be regenerated by a 

suitable desorption process. These adsorbents include activated carbon, carbon nanotubes [8] and 

bioadsorbents (e.g., shrimp and crab shells, dead bacteria, spent yeast) [9, 10]. The application of 

such adsorbents often requires post-treatment after adsorption. Sometimes the complete 

separation and removal of adsorbents from water can be difficult and can cause additional 

environmental problems [11-13]. Heavy metal removal by membrane filtration has also been 

well demonstrated in the industry. Typically, membrane filtration approaches are not as cost-

effective as adsorption because the processes often involve nanofiltration or reverse osmosis, 

which invariably have high energy costs and can require high pressures [14-18].  



 

32 

 

It has been recently demonstrated that nanostructured polysaccharide materials can be 

used for heavy metal adsorption [19]. For example, cellulose nanofibers (cellulose is the most 

abundant natural polysaccharides on earth), produced by the TEMPO oxidation method, 

exhibited a high concentration of surface hydroxyl, carboxylic acid (0.05-1.5 mmol/g) and 

aldehyde groups (0-0.35 mmol/g), depending on the degree of oxidation [20]. These materials 

can be modified to become effective metal ion absorbents by chemical grafting of suitable 

functional molecules on the fiber surface [21-23], such as through the formation of amide bonds. 

Previous studies have demonstrated the efficiency of amine-modified cellulose nanofibers for 

bacteria, virus and metal ion removal [24]. The objective of this study is to take advantage of the 

high concentration of available functional groups on the surface of cellulose nanofibers to further 

increase the capacity for metal ion removal through a new thiol-modification scheme.  

In the present study, ultrafine cellulose nanofibers (5 nm in diameter and a few hundred 

nanometers in length) were chosen as the base material for absorbent. These nanofibers offer a 

very large surface to volume ratio, thus providing a great number of active sites for metal ion 

adsorption after the thiol-modification. Cellulose nanofibers were anchored by thermal cross-

linking in an electrospun polyacrylonitrile (PAN) nanofibrous scaffold (fiber diameter about 100 

nm), resulting in the formation of nanofibrous composite membranes which contain fibers of two 

different diameters. The resulting composite membranes with thiol-modified cellulose nanofibers 

(tm-CNFs) showed large adsorption capacity, fast adsorption efficiency and a superior capacity 

for regeneration. A hypothetical schematic illustration of the 3D structure for the electrospun 

PAN nanofibrous scaffold and the tm-CNF infused PAN nanofibrous scaffold is shown 

schematically in Figure 2.1, where most of the tm-CNFs have been associated with  the 

electrospun PAN nanofibers. 
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E-spun PAN nanofibers matrix                                                tm-CNFs incorporated PAN matrix 

Figure 2.1 A schematic illustration of 3D structure for the electrospun PAN nanofibrous 

scaffold (left side) and the tm-CNF infused PAN nanofibrous scaffold (right side) 

 

 

2.2 Materials and Methods 

2.2.1 Materials  

Polyacrylonitrile (PAN, Mw=150,000 g/mol) was purchased from Scientific Polymer 

Products, L-cysteine (> 97% purity), dimethylformamide (DMF), N-hydroxysuccinimide (NHS), 

N-(3-dimethyl-aminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO), sodium hypochlorite (NaClO), sodium chlorite (NaClO2), sodium 

bromide (NaBr), potassium chromate (K2CrO4), lead nitrate (Pb(NO3)2), 1,5-diphenylcarbazide 

and 4-(2-pyridylazo)resorcinol (PAR), phosphate buffer were purchased from Sigma-Aldrich. 

Ellman's Reagent, DTNB (5,5'-dithio-bis-[2-nitrobenzoic acid]) was purchased from Thermo 

Scientific.   Cellulose Biofloc-92 (wood bleached pulp) was provided from Tartas (France). Non-

woven poly(ethylene terephthalate) (PET) microfilter substrate (average fiber diameter ~10 µm) 

for membrane support was provided by Sanko (Japan No. 16-1).  
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2.2.2 Preparation of thiol-modified cellulose nanofibers 

 

2.2.2.1 Preparation of oxidized cellulose nanofibers by the TEMPO method 

Oxidized cellulose nanofibers (CNFs) were produced by the TEMPO method based upon 

a procedure published elsewhere [25]. In brief, 10.0 g dry wood pulp cellulose was dispersed in 

water (100 g). Sodium bromide (2.0 g, 19.4 mmol) and TEMPO (0.2 g, 0.13 mmol) were 

dissolved in the same mixture. Sodium hypochlorite solution (75.0 g, 10–13 % aqueous solution) 

was then added to the stirred solution at room temperature. The stirring process was continued 

for 24 h, while the pH value was kept at 10.5-11 (monitored with a pH meter) by adjusting the 

suspension with 0.5 mol/L sodium hydroxide aqueous solution (approximately 10 ml was used). 

The resulting cellulose product was separated by centrifugation (5500 rpm with relative 

centrifugal force of 2706 × g), washed with DI water and separated again by centrifugation 

several times until the conductivity of the supernatant solution as tested by a conductivity meter, 

did not change (~ 120 µS/cm). The oxidized cellulose slurry (1.10 g, >90 wt% cellulose) was 

then dispersed in 100 g of water and sonicated for 15 min with a homogenizer (Cole Parmer, 

VCX-400). The resulting cellulose nanofiber aqueous suspension had a concentration of ~1 wt%, 

as determined by a Total Organic Carbon analyzer (TOC-500, Shimadzu Corporation).  

 

2.2.2.2 Preparation of thiol-modified cellulose nanofibers by cysteine 

100 g ~1 wt% CNF suspension was mixed with N-hydroxysuccinimide (NHS) (0.18 g, 

1.5 mmol), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) (0.27g, 1.4 mmol) and 

cysteine (0.5 g, 4.1 mmol). The resulting mixture was stirred at room temperature for 24 hours. 

After reaction, the mixture was centrifuged at 5000 rpm with relative centrifugal force of about 
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2200 × g to separate the supernatant from the nanofibers. The supernatant was poured off and the 

nanofibers were re-suspended in water, and the washing and centrifugation process was repeated 

several times until the conductivity in the centrifugal tube did not change (~ 120 µS/cm), which 

implied that only cellulose nanofibers (yield of about 70%) remained in the suspension. 

 

2.2.3 Characterization of modified cellulose nanofibers  

 

2.2.3.1 Determination of carboxylate groups by titration 

The amount of carboxylate groups could be quantified by using the electric conductivity 

method [26]. For this test, 3 ml of 0.9 wt% CNF suspension was first diluted into 50 ml DI water. 

3 ml of 0.1 M HCl was subsequently added to this suspension to keep the pH value between 2.0 

and 3.0. Then, 50 µl aliquots of 0.05 M NaOH were continuously added at the rate of one aliquot 

every 20 seconds into the suspension to achieve a pH value of 11, while the conductivity of the 

suspension was measured. The carboxylate content was determined from the conductivity and 

the pH curves [22]. To determine the amount of aldehyde groups, the same amount of cellulose 

slurry solution was mixed with NaClO2 (0.5 g) for overnight oxidation [26] and then the mixture 

was washed with DI water and separated by 5000 rpm (with relative centrifugal force of about 

2200 × g) centrifugation for 5 min. The same conductivity titration method was used to 

determine the concentration of carboxylate groups. The aldehyde group concentration is equal to 

the carboxylate concentration from this titration minus the carboxylate concentration from the 

titration carried out prior to NaClO2 oxidation.  

2.2.3.2 Quantitative determination of thiol groups with Ellman’s Reagent 

After the reaction with cysteine, the modified cellulose nanofiber suspensions were 

purified by dialysis against DI water until no carbon was detectable by TOC analysis of the 
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solution outside the dialysis bag (molecular weight cut off (MWCO) = 10,000 Daltons). Ellman's 

Reagent [27], DTNB (5,5'-dithio-bis-[2-nitrobenzoic acid]) were used to determine the amount 

of thiol groups attached to cellulose nanofibers in the suspension. In this test, DTNB was used to 

react with thiols to cleave 2-nitro-5-thiobenzoate (NTB-), which could ionize to the yellow color 

NTB2- di-anion in aqueous solution at pH = 8.0. Thiol groups were assayed by using the molar 

adsorption coefficient of NTB- (14,150 L mol-1cm-1 at 412 nm) [28].  

DTNB (50 mg) was dissolved in the phosphate buffer (10 ml, pH = 8.0). A cysteine-

modified cellulose suspension (3 mL, 0.1 wt% cellulose) was mixed with the phosphate buffer 

(2.0 mL) and diluted with DI water (5.0 ml). The DTNB/buffer solution (0.02 mL) was then 

mixed with the modified cellulose/buffer suspension (3.0 mL) in a 1 cm cuvette and the 

absorbance at 412 nm was measured after 5 min of mixing. A sample of TEMPO oxidized 

cellulose (0.1 wt% in DI water) was used as the control sample for the same experiment. A series 

of L-cysteine solutions with concentrations 0.1 mol/L, 0.05 mol/L, 0.01 mol/L, 0.005 mol/L and 

0.0001 mol/L in phosphate buffer with Ellman’s reagent were used to create a calibration curve. 

The following equation 2.1 was used to calculate the concentration of thiol groups in the 

suspension. 

                                                    𝐶0 =
𝐴

𝜀∙𝑏
𝐷                                                               2.1 

where C0 is the original –SH concentration;  A is the absorbance at 412 nm; b is the path length 

of the spectrophotometric cuvette in centimeters (b = 1cm); ɛ is the extinction coefficient (14150 

L mol-1cm-1) [29], which is a measure of the amount of light absorbed per unit concentration, 

based on the phosphate buffer at pH = 8.0; D is the dilution factor (1.007), which is the total 

volume of the cellulose suspension  with DTNB/buffer solution (3.02 ml) divided by the volume 

of cellulose suspension (3.0 ml). In addition, the functional groups after cellulose modification 
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were characterized by using Fourier transform infrared spectroscopy (FT-IR) with an attenuated 

total reflectance (ATR) accessory (Nicolet iS10 spectrophotometer, Thermo Scientific, Inc). Each 

sample was freeze-dried and tested in the wave number range from 4000 cm-1 to 650 cm-1. 

 

2.2.4 Preparation of CNF nanofibrous composite membrane 

 

2.2.4.1 Preparation of electrospun PAN scaffold 

3.5 g PAN was stirred in 46.5 g DMF at 60 C for 2 days in a capped glass container to 

afford a homogeneous solution with a PAN concentration of 7 wt%. The PAN solution was 

electrospun onto an aluminum foil or nonwoven PET support at 15 kV by using a laboratory 

built  electrospinning instrument [30]. The chosen flow rate was 20 µl/min and the spinneret 

diameter was 0.7 mm. The working distance between the collector and the spinneret was 10 cm. 

In the electrospinning setup, a rotating metal drum (diameter: 9 cm, rotating speed: 300 rpm), 

covered with aluminum foil or nonwoven PET support was used to collect the deposited 

nanofibers. A stepping motor was used to control the oscillatory translational motion 

perpendicular to the drum rotation direction (the oscillation distance was about 12 cm) to ensure 

the production of more uniform electrospun scaffolds with a sufficiently large membrane size.  

 

2.2.4.2 Preparation of cellulose nanofibrous composite membrane 

In order to make a cellulose nanofibrous composite membrane, a cellulose nanofiber 

suspension (2 mL, 0.03 wt% CNF) was infused at a constant flow rate of 2 ml/min into a 2 inch 

diameter electrospun PAN scaffold supported by the PET non-woven substrate. The membrane 

was then dried at 75 °C for 2 min to induce thermal cross-linking of tmCNFs to the electrospun 

PAN scaffold. The nanofibrous composite membrane was subsequently washed with about 15 ml 
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DI water until TOC analysis showed no organic content.  

 

2.2.5 Analysis of membrane geometry and porosity  

The electrospun PAN scaffold was analyzed by using a scanning electron microscope 

(SEM, SFEG-SEM LEO1550) with Robinson backscattered electron detector and 10 eV 

Schottky field emission gun. The instrument was also equipped with an energy-dispersive 

spectroscopy (EDS) spectrometer (detector from EDAX Inc, NJ USA and software/electronics 

from automated X-Ray Fluorescence (iXRF), TX, USA) to characterize chemical composition of 

membrane surfaces. Samples were first cut into 4 mm × 8 mm pieces, peeled off from the PET 

support, and coated with platinum for 15 s to enhance the surface conductivity. Cross-sectioned 

specimens were cut from the membranes in 5 mm × 15 mm pieces, treated with liquid nitrogen 

and cracked before platinum coating. In each SEM image, 40-50 e-spun PAN fibers were 

randomly selected for the analysis, where the Leica Microscopy Imaging software (Algorithm 

written by Dr. Dufei Fang from Prof. Chu and Hsiao Lab at Stony Brook University) was used to 

estimate the average fiber diameter. The electrospun PAN membrane thickness was determined 

by using a micrometer [31] (Chicago Brand-50073). The porosity of the membrane was 

calculated using the following equation 2.2, in which ρ0 was the density of PAN (1.184 g/mL at 

25 °C), ρ was the average density of the membrane calculated on the basis of 10 samples of mass 

over volume. 

                                        Porosity = (1-ρ/ ρ0) ×100%                                                      2.2 

 

2.2.6 Membrane porometry and pure water flux test 

The mean flow pore size and the maximum pore size were determined by using a 
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Capillary Flow Porometer (Porous Materials Inc (PMI), CFP-1500A, USA). Before the test, a 

wetting reagent (surface tension 15.9 dynes/cm Galwich, PMI) was used to spontaneously fill the 

pores of the membrane. During the test, the wetting reagent was gradually removed until the 

pores became open at differential applied pressures.  Flow rates of dry and wet membranes were 

automatically compared and calculated at different pressures by using the software Capwin 

(version 6.71.51, PMI), based on the Young-Laplace equation 2.3 [31]: 

                                                                                                                           2.3 

The symbol, D, is the maximum diameter of the pore, 𝛾 is the surface tension of the wetting 

reagent, ∆𝑝 is the differential pressure and 𝜃 is the wetting angle. The mean flow pore size was 

calculated at 50% flow passing through the membrane pores.  

The pure water flux was measured by a dead-end filtration cell (Microsyringe Filter 

Holder-3002500, Millipore) as a function of time and pressure. A one-inch diameter round 

membrane was cut to fit the membrane holder. Permeability tests were conducted at 2 psi and 

room temperature by determining the volume of DI water passing through the membrane per unit 

area, time and pressure. Comparison tests were carried out using both PAN/PET and tm-CNF 

PAN/PET composite membranes. 

 

2.2.7 Mechanical properties 

Samples (30 mm × 50 mm) of the electrospun PAN scaffold layer, with and without the 

infused tm-CNFs, were pre-cut into a dumbbell-like shape (the cutter was 50 mm × 4 mm) and 

clamped onto a modified Instron 4410 tensile stretching device to determine the tensile strength. 

Uniaxial stretching was carried out at room temperature, where the chosen deformation rate was 

10 mm/min. The stress was defined as the load divided by the original cross section area; the 
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strain was defined as the difference of the deformed length and the original length divided by the 

original length ((l-l0)/ l0). 

 

2.2.8 Evaluation of heavy metal ion removal 

Both static and dynamic adsorption experiments were carried out to evaluate the metal 

adsorption efficiency of the nanofibrous composite membranes. Stock solutions of potassium 

chromate (100 ppm K2CrO4 in water) and lead nitrate (100 ppm Pb(NO3)2 in water) were used 

for this purpose.  

For static adsorption experiments, metal ion solutions with concentrations ranging from 

10-100 ppm were prepared by diluting the stock solution. Thiol-modified composite membranes 

(diameter = 2 inches, thickness = 200 µm ) adsorbent samples were added to a 50-ml centrifuge 

tube containing 10 ml of metal ion solution and stirred at room temperature overnight. A series of 

adsorbents was tested, including tm-CNF nanofibrous composite membrane, CNF nanofibrous 

composite membrane, pure electrospun PAN membrane, and 450 nm Millipore (SLFH 025NS) 

commercial microfiltration membrane. The membrane adsorption performance was measured at 

different initial metal ion concentrations and at solution pH values from 2.0 to 12.0 for Cr (VI) 

and 2.0 to 6.0 for Pb (II), adjusted by adding solutions of NaOH or HCl. 

For dynamic adsorption studies, each adsorbent membrane was placed into a 2-inch 

diameter cell. Metal ion solutions (50 ppm in water) at the optimum pH determined in the static 

adsorption studies (pH 4.0 for Cr(VI) and pH 5.0 for Pb(II) were injected through the membrane 

at the rate of 2.0 ml/min. The adsorption for both static and dynamic measurements was 

calculated according to the following equation 2.4: 

                                                                                                                        2.4 
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where Q is the amount of metal adsorbed (mg/g), Ci is the initial metal ion concentration while 

Cf is the final metal ion concentration (mg/L), V is the volume of solution (Liter) and M is the 

weight of adsorbent. 

Membranes were removed from the solution and the residual metal ion concentration was 

determined by ultraviolet-visible (UV) spectrophotometry after treatment with chromogenic 

reagents (1,5-diphenylcarbazide and 4-(2-pyridylazo)resorcinol). The calibration curve of Cr(VI) 

was made by the UV adsorption of 0.5 ml Cr(VI) stock solution at 20 ppm, 40 ppm, 60 ppm, 80 

ppm and 100 ppm, separately mixed with 0.5 ml 0.25 wt% 1,5-diphenylcarbazide (DPC) and 

made up to a total volume of 10 ml with 0.5 N H2SO4 in a volumetric flask, The absorption of the 

Cr-DPC complex was measured at 541 nm [32, 33]. The adsorption peak intensities are 

proportional to the concentration of the solution. The linear calibration curve of Pb(II) was made 

by the UV adsorption of 0.5 ml Pb(II) stock solution at 20 ppm, 40 ppm, 60 ppm, 80 ppm and 

100 ppm, separately mixed with 0.5 ml 0.024 wt% 4-(2-pyridylazo)resorcinol (PAR) and made 

up to a total volume of 10 ml with borax buffer (pH = 9.0). The adsorption of the Pb-PAR 

complex was measured at 523 nm [34]. To measure the residual metal ion concentration, 

measured 0.5 ml of the solution remaining after membrane exposure was mixed with 0.5 mL of 

the appropriate chromogenic reagent solution (DPC for Cr(VI) or PAR for Pb(II)) and the total 

solution volume was made up to 10 mL with the appropriate solution (0.5 N H2SO4 for Cr(VI), 

borax buffer for Pb(II)) before measuring absorption at 541 nm (for Cr(VI)) or 523 nm (for 

Pb(II)).  

 

2.2.9 Desorption and membrane regeneration experiment 

Membrane regeneration studies were carried out after static and dynamic adsorption tests, 
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by firstly washing the adsorbent membrane with DI water (10 ml). The Cr (VI) adsorbent 

membrane was subsequently stirred in 50 ml 1 M HCl solution for 1 hour, whereas the Pb (II) 

adsorbent membrane was treated with 50 ml 0.1M ethylenediaminetetraacetic acid (EDTA) 

solution for 1 hour [35]. These membranes were then washed by injecting 10 ml water through 

the membrane body. After this desorption treatment, the membrane was then used for the next 

cycle of adsorption tests. Desorption and adsorption processes were repeated for three cycles 

under the same static adsorption test condition at optimum pH to yield the membrane 

regeneration efficiency using the following equation 2.5: 

                        Membrane Regeneration Efficiency = C2/C1 × 100%                     2.5 

where C1 refers to fresh membrane adsorption capacity, C2 refers to reused membrane adsorption 

capacity. 

 

2.3 Results and Discussion 

 

2.3.1 Characterization of thiol-modified cellulose nanofibers  

 

Figure 2.2 shows typical TEM images of TEMPO-oxidized cellulose nanofibers. A 

typical size of the nanofiber was 5 to 10 nanometers in diameter and a few hundreds nanometers 

in length. The oxidation reaction breaks up the cellulose wood pulp into smaller fibers and only 

the surface primary hydroxyl groups of the fiber are oxidized to aldehydes and carboxylates [25]. 

The negatively charged carboxylate groups interfere with the strong fiber-fiber hydrogen 

bonding and allow suspension of individual fibers in water. 
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Figure 2.2 TEM images of A: TEMPO oxidized CNF; B: individual CNF. Samples were 

prepared by dropping a 0.01 wt% CNF suspension on carbon-coated copper grids. All TEM 

samples were stained with 2.0 wt% uranyl acetate. 

 

The TEMPO oxidation method introduced carboxylate groups to the surface of cellulose 

nanofibers by converting C6 hydroxyl groups to aldehyde and carboxylate groups [36]. The 

amount of carboxylate groups could be controlled by changing the amount of NaClO used in the 

oxidation reaction [24]. The surface concentration of aldehyde could be varied from 0.05-0.2 

mmol/g while the surface concentration of carboxylate could be varied from 0.6-1.8 mmol/, as 

determined by electrical conductivity titration [22], with NaClO concentrations from 0-10 

mmol/g cellulose. Higher NaClO concentrations resulted in higher surface concentrations of 

carboxylate. According to previous studies on the cellulose TEMPO oxidation reaction [37], the 

chosen oxidation condition (10 mmol/g of added NaClO) could oxidize about one half of surface 

C6 hydroxyl groups of cellulose nanofibers to carboxylate groups. Aldehyde groups were 

produced as intermediates in the TEMPO oxidation process and could also result from base-
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promoted cleavage of glycosidic bonds [26].  As aldehydes can be oxidized to carboxylate 

groups, the amount of aldehydes decreases at the highest NaClO concentration, because they are 

completely oxidized into carboxylates. The relationship of carboxylate generated on the cellulose 

nanofiber surface and NaClO added is shown in Figure 2.3.  
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Figure 2.3 Amount of NaClO added in TEMPO oxidized CNF with corresponding 

amounts of functional groups produced 

 

Thiol-functionalized cellulose nanofibers were created by grafting cysteine onto the 

surface of CNF through the formation of amide bonds between cysteine amine groups and 

cellulose carboxylate groups. The reaction was carried out in the presence of NHS and EDC to 

activate the carboxylate groups for spontaneous reaction with primary amines to form peptide 

bonds (Scheme 1). Due to the excess amount of cysteine in the reaction, grafted cysteine 
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oligomers could also result.  

 

 

 

Scheme 2.1 Reaction of cysteine with TEMPO oxidized cellulose nanofiber 

 

After purification by dialysis, both freeze-dried modifed/unmodified CNF were analyzed 

by FT-IR spectroscopy to show the presence of these functional groups, as shown in Figure 2.4. 

One carbonyl peak is at 1600 cm-1 in the TEMPO-oxidized cellulose. In the cysteine modifed 

cellulose, the peak around 1640 cm-1 is overlapping carbonyl absorptions from cellulose COOH 

and cysteine COOH. While the peak at 1560 cm-1 is the NH bend. In addition, the CONH 

carbonyl group is between the two peaks but not clearly resolvable. These findings suggest 

succesful grafting of cysteine onto the cellulose.  One possibility for the IR absorbance around 

1450 cm-1 is the thiazolidine ring from the formation of 2-alkylthiazolidine-4-carboxylic acid 

groups through reaction of aldehyde groups and cysteine [57]. 

 

EDS analysis of cysteine-modified CNF samples showed the presence of sulfur, further 

supporting the connection of cysteine to the nanofibers (Figure 2.5) when compared with 

unmodified cellulose nanofibers (Figure 2.5 above). Both Figures 2.4 and 2.5 could be regarded 

as evidence of the creation of thiol-modified cellulose. 
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Figure 2.4 FI-IR of TEMPO oxidized cellulose nanofibers (1.6 mmol/g COOH) and thio-

modified cellulose nanofibers (0.9 mmol/g -SH) 
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Figure 2.5 Energy Dispersive Spectrum of TEMPO oxidized cellulose nanofibers (1.6 

mmol/g -COOH) and thio-modified cellulose nanofibers (0.9 mmol/g -SH) 

 

Modification reactions carried out at different molar ratios of CNF –COOH ([COOH] = 

1.6 mmol/g; [CHO] = 0.2 mmol/g) to cysteine, at 1:2, 1:4, 1:6 and 1:8, are listed in Table 2.1. 

After purification by dialysis, the concentration of thiol groups were determined by mixing the 

tm-CNF suspension with Ellman’s reagent [27]. The concentration of the yellow-colored 

complex formed could be quantified by measuring absorption at 412 nm. Then, the amount of 
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thiol groups grafted onto the CNFs could be obtained in terms of the tm-CNF suspension 

concentration. The highest concentrations of thiol groups (0.9 mmol per gram CNF) were 

reached at a [cysteine]/[COOH] ratio of greater than 6.  

Table 2.1 Molar carboxylate/cysteine reaction ratios and amount of thiol product 

Molar Reaction Ratio 

(-COOH/cysteine)* 

tm-CNF thiol concentration 

1:2 0.4 ± 0.05 mmol/g 

1:4 0.5 ± 0.07 mmol/g 

1:6 0.9 ± 0.1 mmol/g 

1:8 0.9 ± 0.1 mmol/g 

* All cysteine reactions were using 1.6 mmol/g (-COOH) TEMPO oxidized cellulose. 
 

2.3.2 Structural characterization of nanofibrous composite membranes 

The electrospun PAN layers used to anchor modified cellulose nanofibers in membranes 

were characterized by SEM (Figure 4). PAN fibers electrospun from the 7 wt% PAN solution in 

DMF showed a diameter of 180 ± 20 nm (Figure 4A: top view, 4C: cross-section view). The 

pores of the electrospun film were interconnected with an average effective pore size of 

approximately 600 nm. This ratio of average pore size to mean fiber diameter corresponds well 

with the value of ~3 determined in our previous study [31]. Figure 4 (A top view, C cross-section 

view) shows SEM micrographs of 7 wt% electrospun PAN nanofibrous scaffold.  

Composite membranes were prepared by infusing an aqueous suspension of tm-CNF 

(0.03 wt %, 5-10 nm diameter, a few hundred nanometers length) through a PAN nanofibrous 

scaffold. Figure 2.6 (B top view, D cross-section view) shows tm-CNF-coated PAN fibers after 

infusion at a rate of 2.0 ml/min and subsequent heating at 75 °C for 2 min. In Figures 2.6B and 
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2.6D, the modified cellulose nanofibers appear to surround the PAN scaffold with tmCFN being 

associated to the PAN. However, the thermal treatment at 75 °C was a critical step, which created 

certain association among thiol-CNFs and PAN fibers [38-42]. Since there was no organic carbon 

detectable by the TOC test in the filtrate after the membrane was subjected to water flow at 30 

psi, the results suggested that the infused tm-CNFs were securely immobilized in the electrospun 

PAN scaffold. When comparing Figure 2.6C with Figure 2.6D, the increases in the apparent 

surface roughness after tm-CNF infusion clearly indicate association of tm-CNFs with the 

electrospun PAN nanofibers. It was found that the porosity of the membrane, which was 83% in 

the original PAN scaffold, was reduced to 78% in the tm-CNF infused PAN scaffold. After the 

attachment of m-CNF to the PAN nanofibrous scaffold, the pure water flux dropped from 3000 

L/m2/h/psi to 1000 L/m2/h/psi and the mean flow pore size dropped from 0.60 µm to 0.43 µm, as 

listed in Table 2.2.  
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Figure 2.6 SEM images of an electrospun PAN nanofiber scaffold (from 7 wt% PAN 

solution) with scale bars of 200 nm: (A) top view, (C) cross-sectional view; and an electrospun 

PAN nanofiber scaffold (with 7 wt% PAN solution) infused with tm-CNF solution (0.03 wt%): 

(B) top view, (D) cross-sectional view. 

 

 

Table 2.2 Physical properties of electrospun PAN nanofibrous scaffold (A) and tm-CNF infused 

PAN nanofibrous scaffold (B) 

Membrane PAN (A) tm-CNF-PAN  (B) 
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Fiber Diameter (nm) a 180 ± 20 195 ± 30 

Porosity b 83 ± 1% 78 ± 2% 

Maximum Pore Size (µm) c 0.91 ± 0.05 0.81 ± 0.05 

Mean Flow Pore size(µm) c 0.60 ± 0.02 0.43 ± 0.03 

Pure Water Flux (L/m2/h/psi) d ~3000 ~1000 

 

All properties of measurements/calculations have been mentioned in the experimental section. 

a. In each SEM image 40-50 fibers were selected for the analysis, where the Leica Microscopy 

Imaging software was used to estimate the average fiber diameter. 

b. Porosity = (1- ρ/ρ0) ×100%.    

c. Mean flow pore size and maximum pore size were determined by using a capillary flow 

porometer (PMI, CFP-1500A, USA). 

d. Pure water flux was measured by a dead-end filtration cell (Microsyringe Filter Holder-

3002500, Millipore) as a function of time and pressure at room temperature. 

 

 

2.3.3 Mechanical properties of tm-CNF nanofibrous composite membranes 

          Another way to characterize the stability of the tm-CNF infused PAN scaffold is to test the 

mechanical property of the nanofibrous composite membranes. The results of tensile strength 

testing of PAN and tm-CNF infused PAN composite membranes (including the non-woven PET 

support) are shown in Figure 2.7. It was found that the tm-CNF nanofibrous composite 

membrane demonstrated an almost doubling of Young’s modulus when compared with that of the 

nanofibrous composite membrane without tm-CNFs. However, the elongation-to-break ratio of 



 

52 

 

strain was reduced by 20% when compared with that of the unmodified one. Therefore, it is clear 

that the inclusion of m-CNF fibers in the PAN scaffold led to a stiffening of the membrane. This 

could also be regarded as evidence that the strong linkage of tm-CNFs with the e-spun matrix.  
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Figure 2.7 Mechanical properties of PAN and tm-CNFs infused PAN nanofibrous 

composite membranes (including the non-woven PET support). 

 

2.3.4 Effect of pH on static adsorption  

The pH level of the solution has a profound impact on metal ion adsorption efficiency 

because it changes both the form of functional groups on the modified cellulose and also the 

form of metal ions. For example, chromate ions are in different forms at different pH conditions. 

Below 100 ppm of chromium ions in aqueous solution, when the pH value increases from1 to 4, 
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the major species changes from H2CrO4 to HCrO4
-. With the pH value increasing from 4 to 14, 

the major species changes from HCrO4
- to CrO4

2- [43]. In this study, the initial H2CrO4 solution 

had a pH value of 4, indicating the pH value of a typical chromate contaminated solution. We 

also studied adsorption of lead under acidic conditions, which reached the optimum adsorption at 

pH = 5.0.  
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Figure 2.8 Effect of pH on static adsorption of Cr (VI) 
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Figure 2.9 Effect of pH on static adsorption of Pb (II) 

 

Adsorption of chromate (Cr2O7
2-) was investigated at pH values ranging from 2.0 to 12.0, 

and the results are shown in Figure 2.8. Measurements on the amount of adsorption were based 

on equation (2.4), using the chromate concentration differences before and after adsorption, 

multiplying by the volume of the solution and divided by the mass of adsorbent. The 

concentrations are proportional to the intensity of the peak measured by UV at 541 nm.  It was 

found that the highest adsorption amount was 76.5 ± 2.0 mg Cr2O7
2- metal ions per gram of 

cellulose nanofiber at pH = 4.0.  We also compared the adsorption capacity of the tm-CNF 

nanofibrous composite membrane with the CNF membrane without the thiol modification. The 

results show that the tm-CNF membrane exhibited 2 to 3 times higher chromate adsorption 

capacity than the unmodified CNF membrane. This observation can be explained by the higher 

concentration of thiol groups in the tm-CNF membrane. The higher adsorption of Cr (VI) in the 
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tm-CNF membrane can be attributed to the formation of Cr(VI)-thiolate complexion on the 

surface of tm-CNF. According to a previous study on pH dependence of chromium(VI) thio ester 

formation [44], there could be several possible formations of [CrO3(SR)]-. These formations 

include the coordination of Cr(VI) with the thiolato or amido donors from the cysteine-

functionalized cellulose. However, with the increase in pH value, the Cr(VI)-thiolate complex 

formation is inhibited [44], leading to a lower amount of adsorption. 

The Pb (II) adsorption studies were carried out using tm-CNF nanofibrous composite 

membrane, CNF nanofibrous composite membrane, and an unmodified PAN membrane (Figure 

2.9). Only the pH range from 1.5 to 5.5 was examined because lead hydroxides precipitate above 

pH = 6. Measurements on the amount of Pb (II) adsorption were performed by following the 

same method as Cr(VI) adsorption, while the concentration was determined by UV optical 

adsorption at 523 nm. The tm-CNF membrane showed the best adsorption efficiency (133 ± 2.5 

mg/g) among the three. The formation of Pb(II) thiolate occured between –SH and Pb (II) [46-

49]. This adsorption capacity increased with increasing pH values between 1.0 and 5.5, 

according to the preference of metal complex formation. As for the CNF membrane without the 

thiol modification, the system still showed decent adsorption efficiency, likely due to the charge 

attraction between negatively charged carboxylate groups on the cellulose surface and positively 

charged Pb (II) ions. At higher pH values, more –COOH groups could be dissociated into COO- 

groups, indicating higher adsorption capacity of Pb (II) ions due to charge interactions. In 

contrast to the above two systems, the control membrane (electrospun PAN scaffold on the PET 

nonwoven support) exhibited very small adsorption capability (< 8 mg Pb2+/g membrane).  
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2.3.5 Effect of contact time on adsorption  

In typical metal removal practices, the adsorption contact time is an important factor as it 

directly affects the membrane lifetime and the adsorption time efficiency. Figure 2.10 illustrates 

the results from experiments carried out under the same conditions as static adsorption at pH = 

4.0. A commercial MF membrane (Millipore-SLFH 025NS with 450 nm pore size, which is a 

hydrophobic fluoropore polytetrafluoroethylene (PTFE) membrane) was also used for 

comparison. It was found that the tm-CNF nanofibrous composite membrane reached the 

maximum adsorption of 80 mg/g for Cr (VI) within 15 minutes, due to the fast formation of Cr-

thiolate complex [44], whereas the CNF nanofibrous composite showed a moderate Cr(VI) 

adsorption capacity of about 30 mg/g that could be attributed to some affinity interactions 

between CNF and metal ions. A residence time of about 30 minutes was required to reach the 

equilibrium. In contrast, the PAN/PET composite membrane and the chosen Millipore membrane 

showed very little adsorption (< 3 mg Cr(VI)/g membrane) because of lack of interactions 

between the membrane and  metal ions. 
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Figure 2.10 Chromium adsorption affected by contact time 

 

Static Pb (II) adsorption measurements as a function of time for tm-CNF and CNF 

nanofibrous composite membranes were also carried out at pH = 4.0 (Figure 2.11). Two 

interesting observations were made from this study, i.e., the tm-CNF membrane exhibited a 

faster adsorption process and higher adsorption capacity over those of the CNF membrane. To be 

specific, the tm-CNF membrane could adsorb 125 mg/g of Pb (II) within 20 minutes, while it 

took the unmodified CNF membrane 40 minutes to reach an equilibrium adsorption of 75 mg/g . 

One possible explanation is that the formation of Pb-thiolate complex through the chelating 

reaction of –SH and Pb(II) is very fast and strong [50]. In contrast, the charge interactions 

between the negatively charged –COO- on CNF and the positively-charged lead ions are 
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considerably weaker. Neither PAN/PET membranes (without tm-CFN or CFN) nor Millipore 

microfiltration membranes showed any lead ion adsorption capacity. 
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Figure 2.11 Pb(II) adsorption by contact time 

 

2.3.6 Evaluation of dynamic adsorption 

Dynamic adsorption experiments involve the quantitative analysis of metal ions adsorbed 

on the membrane under a constant flow condition at an optimum pH value. In these studies, 

solutions with 50 ppm of chromate or lead ions were injected through a membrane disc (2-inch 

diameter) at 2 mL/min. It was found that at pH = 4.0, the most efficient adsorption of Cr(VI) 

occurred over the first 15 ml for tm-CNF membrane, where 60 mg Cr(VI)/g of membrane was 
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adsorbed (Figure 2.12). For Pb(II) adsorption at pH = 5.0, the most efficient adsorption occurred 

over the first 20 ml for tm-CNF membranes, where 115 mg Pb(II)/g membrane was adsorbed, 

i.e., about 83% of the Pb(II) adsorption capacity in static adsorption was reached. Very low 

dynamic adsorption values were observed for the PAN/PET composite membrane and the 

Millipore filter. 
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Figure 2.12 Dynamic adsorption of Cr (VI) and Pb (II) 

2.3.7 Langmuir adsorption isotherms  

Adsorption isotherms can be used to illustrate the interactions between adsorbents and 

adsorbates, as well as the adsorption capacity of adsorbents. To evaluate the adsorption isotherms 

for the tm-CNF membrane, we used the Langmuir adsorption model to calculate the adsorption 

capacity [51]. The adsorption isotherms for both Cr(VI) and Pb(II) ions were evaluated using the 

following equation:  

                                                                                                             2.6 

where qe is the amount of metal ions adsorbed on the membrane at equilibrium (mg/g), Ce is the 

equilibrium metal ion concentration in solution (mg/L), qm is the maximum adsorption of the 
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metal ions (mg/g), and b is the Langmuir constant (L/mg). Based on Equation 2.6, the value of 

Ce/qe was plotted against Ce for both Cr(VI) and Pb(II) adsorption isotherms, where the results 

are illustrated in Figure 2.13.  It was seen that both plots exhibited a straight line with the slope 

representing 1/qm and the intercept representing 1/(bqm). The b value (Langmuir constant) also 

refers to the corresponding binding energy of adsorption [35], whereby a higher b value means 

more binding affinity between the adsorbent and the adsorbate. Table 2.3 illustrates the 

parameters (i.e., the maximum adsorption, Langmuir constant and correlation coefficient) 

extracted from the adsorption isotherms of Cr(VI) and Pb(II) ions for the tm-CNF membrane. 

Based on the results in Figure 2.13 and Table 2.3, both lead and chromium adsorption closely 

followed the Langmuir model with high correlation coefficient of 0.997 and 0.998, respectively 

and large adsorption capacity (87.5 mg/g for Cr (VI) and 137.7 mg/g for Pb (II) at their optimum 

adsorption pH values).  
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Figure 2.13 Adsorption isotherms of Cr(VI) and Pb(II) for the tm-CNF membrane 

 

Table 2.3 Parameters extracted from adsorption isotherms of Cr(VI) and Pb(II) ions for the tm-

CNF membrane 

 

Target Metal 

q
m

 (mg/g) b (L/mg) R2 

Maximum 

adsorption  

Langmuir 

 constant 

Correlation 

coefficient 

Cr (VI) 87.5 0.308 0.997 

Pb (II) 137.7 0.783 0.998 

 

2.3.8 Comparisons with other adsorbents 

The above adsorption results were compared with other modified cellulose-based 

adsorbents (Table 2.4). Under similar test conditions in terms of optimum pH, room temperature, 
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the tm-CNF membranes demonstrated higher adsorption capacity than the chosen adsorbents. It 

is interesting to note that the format of tm-CNF membranes is also designed to be a separation 

system. As most of the chosen adsorbents were designed to adsorb metal ions prior to filtration, 

they required an additional adsorbent filtration separation step for water purification. 

 

Table 2.4 Comparisons of Cellulose based Adsorbents 

Metal 

Ions 

Adsorbents Adsorption 

Capacity(m

g/g) 

Initial Metal 

Conc.(ppm) 

Optimum 

pH 

Temperature 

(°C) 

Adsorption 

Model 

 

 

Cr(VI) 

 

tm-CNF Membrane 

 

87.5 

 

50 

 

4.0 

 

22 ± 2 

 

Langmuir 

Cellulose Microsphere-based 

Adsorbent [52] 

 

78 

 

100 

 

3.5 

Room 

Temperature 

 

Langmuir 

Sulfamate-Bacterial Cellulose  

[53] 

 

22.73 

 

100 

 

2.3 

 

20 

 

Langmuir 

 

 

Pb(II) 

 

tm-CNF Membrane 

 

131 

 

50 

 

5.0 

 

22 ± 2 

 

Langmuir 

Diethylenetriamine-bacterial 

Cellulose [54] 

 

31.41 

 

100 

 

4.5 

Room 

Temperature 

Langmuir/ 

Freundlich 

Ethylenediamine Modified 

Cellulose [55] 

 

50.0 

 

200 

 

6.0 

 

Room 

Temperature 

Langmuir/ 

Freundlich 

 

2.3.9 Desorption and reuse 

As high regeneration efficiency is an important parameter in membrane performance, the 

thiol modified CNF membrane was subjected to a desorption and reuse test. In this study, 

aqueous solutions of EDTA (0.05 M) were selected to remove lead ions from the used 
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membrane, as EDTA ligands have a very strong affinity binding with lead ions [56]. For Cr(VI) 

desorption, HCl (2 M) was applied to release the metal ions from the tm-CNF membrane surface.  

This is because at very low pH conditions, the membrane uptake of Cr(VI) ions is low. The 

results of this study is shown in Table 2.5, where the tm-CNF membrane could retain greater 

than 93% of their initial adsorption capacity after three use/regeneration cycles. In other words, 

even after being used and regenerated for 3 cycles, the tm-CNF membrane still possessed 93% of 

the original Cr(VI) adsorption capacity and 95% of the original Pb(II) adsorption capacity. It is 

important to note that as the fabrication cost for this membrane system is relatively low, the 

membrane may be treated as disposable under certain practical conditions when the regeneration 

cost is high or not accessible. 

 

Table 2.5 Membrane regenerate efficiency 

 

Recycled Times 

Regenerate Efficiency  

Cr(VI) Pb(II) 

1st  96 ± 3% 97 ± 1% 

2nd  93 ± 2% 95 ± 3% 

3rd  93 ± 3% 95 ± 2% 

 

2.4 Conclusions 

In conclusion, ultra-fine oxidized cellulose nanofibers (diameter about 5 nm) with 

substantial amounts of carboxylate groups (1.6 mmol/g) were prepared by using the TEMPO 

oxidation method. These oxidized cellulose nanofibers (CNF) were subsequently coupled with 

cysteine to afford thiol-functionalized fibers (surface thiol concentration ≈ 0.9 mmol/g). Due to 
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the small size of tm-CNF fibers, the resulting nanofibrous composite membrane structure could 

provide a very large surface-to-volume ratio with many active sites for heavy metal ion 

adsorption. We have successfully demonstrated a high flux microfiltration filter (1000 

L/m2h/psi), which could simultaneously achieve a high metal adsorption capacity (the Cr (VI) 

adsorption capacity is 87.5 mg/g and the Pb (II) adsorption capacity is 137.7 mg/g) after a 

relatively short adsorption time (15 to 20 min). Furthermore, the adsorption results could be 

described by the Langmuir model. In addition, the demonstrated tm-CNF membranes could be 

regenerated up to three times with high adsorption efficiency retention (> 93%), indicating that 

this membrane system may be a promising candidate for water purification applications 

involving the removal of heavy metal ions. 
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Chapter 3 Surface Thiol-Functionalized Ultra-fine Chitin 

Nanofibrous Adsorbents in As (III) Removal 

 

Abstract 

    A natural polysaccharide, chitin, was treated with a series of chemical treatments and 

mechanical disintegration to produce ultra-fine nanofibers. The dimensions of the chitin 

nanofibers were 5 nm to 20 nm wide and a few hundred nanometers in length, which could allow 

them to be well dispersed in aqueous solution at neutral pH. The large amount of surface amine 

groups of nanofibers (1.7 mmol/g) can provide opportunities for selective modifications and a 

strong linkage modification could be made by the formation of amide bonds. In this study, the 

grafting of cysteine has provided sites for arsenic metal ions adsorption. Functionalized 

adsorbents were characterized by titration, FT-IR, Energy Dispersive Spectroscopy (EDS) and 

SEM. The arsenic adsorption performance of thiol-modified chitin nanofibers was tested under 

different pH conditions and for different metal ion concentrations, in order to ascertain the best 

adsorption capacity. The cysteine-modified chitin nanofibers achieved a maximum AsO2
- 

adsorption capacity of 138 mg/g at pH = 6.5. Due to the ultra-fine nanofibrous scaffold’s large 

surface–to-volume ratio combined with a tremendous amount surface functional groups directly 

exposed to arsenic ions, it demonstrated better adsorption capacity than other chitin/chitosan-

based hydrogels or beads.  

Key Words: Thiol modification, chitin nanofibers, As (III) removal, water purification 
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3.1 Introduction 

3.1.1 Arsenic contamination regions and health effects 

Arsenic contamination has been a serious global problem for groundwater sourcing lakes and 

rivers worldwide. It is a problem in many countries such as India [1, 2],  China [3-5], Canada [6] 

and the USA [7]. Arsenic is an element that naturally exists in different forms, such as orpiment 

(As2S3), realgar (AS) and arsenopyrite (FeAsS), which are mostly abundant in the environment 

[8]. It is very likely that, in some regions, the natural element or compound goes into the 

groundwater and soil through rainfall, but it can also be introduced through anthropogenic 

behaviors [9]. According to the latest World Health Organization (WHO) report [10], the 

standard arsenic levels in water should not exceed 10 µg/L. However, for example, in Vaishali of 

India, over 95% of the ground water was found to contain arsenic above the limit for drinkable 

water and reaching as high as 143 µg/L. Some other regions can reach up to 2 mg/L (ppm), while 

the pH values of the corresponding contaminated water in those areas range from 6.6 to 7.7 [10]. 

Both short term and long term intake of arsenic contaminated water would cause severe health 

problems, such as spontaneous pregnancy loss, respiratory complications, immunological system 

disorders and the blackfoot disease [11]. Recent studies since 2003 have revealed that there is a 

very high risk of assessing cancer from exposure to inorganic arsenic (As) from water, these 

include possibilities of getting bladder cancer [7], lung cancer [12] and skin cancer [13].  

 

3.1.2 Fundamental chemistry of arsenic compounds 

There are two dominant oxidation states of arsenic naturally found in aqueous solutions in the 

environment, As (III) and As (V), though other oxidation forms also exist, for example -3 as in 
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arsine gas, -1 as in alkyl arsenic and 0 as in the arsenic element, as is shown in Figure 3.1a [14]. 

The solubility of arsenic compound in water is affected by pH and oxidation and reduction 

potential (Eh). Figure 3.1b shows that when Eh is between 0 mV and 200 mV, As (III) is the 

major form and As (V) is dominate when the Eh goes between 200 mV and 500 mV. 

 

Figure 3.1 (a) Oxidation state of arsenic species in both acid and base solution [14] (b) Eh 

– pH relation in As (III) and As (V) compounds[15] (Figures reprinted with permission) 

 

3.1.3 Arsenic removal methods review 

Over the years, scientists and engineers have been making an effort to develop materials and 

methods for arsenic removal from aqueous solution by chemical precipitation [16, 17], ion 

exchange [18, 19], membrane filtration [20] and adsorption [21]. 

3.1.3.1 Physical-chemical precipitation 

    One of the most common methods to remove arsenic is to mix metal hydroxide ions with the 

arsenic contaminated water; species such as iron [22] and calcium hydroxide [23] are widely 

used.  When water-dissolvable iron ions mix with arsenate ions, they bind with each other with a 
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ratio of 1:3 iron ions to arsenic ions. The optimum removal performance pH falls in the range 

between 7 and 8.5.  

3.1.3.2 Ion exchange method 

Ion exchange resins are another popular material for metal ion removal in water purification. 

The general mechanism, as in its self-explained name, is that certain functional groups of the 

resin with some charges will carry out an exchange reaction with competitive ions in the aqueous 

solution. Specifically, to remove arsenic ions, resins can be pre-treated with chloride ions to 

increase the exchange efficiency [24].  In the exchange resins, the chloride anion is associated 

with an alkylammonium group, while ion exchange occurs through association of the arsenate 

species with the ammonium ions to replace chloride ions. In addition, The resins can be 

regenerated by treated with strong acid such as HCl efficiently [25]. 

3.1.3.3 Membrane filtration method 

Membrane filtration is another widely applied technology that is used to remove bacteria, 

viruses and heavy metal ions, based on size exclusion of the membrane pore size and feed 

solution particle size, charge exclusions of the surface charge of membrane, and charge of the 

particles or specific chelating effects between membrane surface and targets in the feed.  Among 

those, Reverse Osmosis (RO) [26] and Nanofiltration (NF) [27] are two popular ways to 

efficiently remove toxic arsenic compounds from aqueous solution.  There are many factors that 

could influence the filtration performance, such as solution pH and concentration of filtrate. 

Some scientists have also found that nanofiltration membranes have a limitation in removing 

arsenic at different oxidation states. For example, at low feed concentration in the range of 20 

and 90 ppb, the removal efficiency of As (V) is over 90%, while As (III) removal efficiency is 

only around 10%, as shown in the Figure 3.2. However, the limitation is that both NF and RO 
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usually require very high operation pressures and are very energy consuming. In addition, 

membranes have to be disposable in industry in terms of validation purposes, therefore leading to 

various environmental problems.  

 

Figure 3.2 Arsenic (III) and (V) removal by nanofiltration at different feed concentration 

(figure reprinted with permission from reference [28]) 

 

3.1.3.4 Adsorption method  

A variety of natural inorganic and organic materials, for instance, alum species and active 

carbon, have been studied for the purpose of arsenic removal. There are two forms of alum that 

demonstrate arsenic adsorption capability. One is aluminum hydroxide Al(OH)3, which is a 

sludge in aqueous solution at neutral pH. Being in a sludge state provides an extremely large 

surface area; therefore, arsenic species can easily be trapped in the alum sludge and precipitate. 

Another form is alumina oxide (Al2O3), which is known as active alumina and can demonstrate 

up to an adsorption capacity of 87% As(V) at the optimum pH = 6.5 with concentration of 10 
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ppm [29]. However, the limitation is that active alumina is a poor adsorbent for As (III), which 

means that in order to remove arsenic species from water, an oxidative pre-treatment is required, 

thereby introducing more difficulty, although the active alumina itself is inexpensive and 

accessible [30].  

Active carbon is regarded as a versatile adsorbent due to its unique porous structures and large 

surface area, which provides a tremendous number of sites for adsorption via Van der Waals 

interactions. The origin of active carbon can be from wood, leaves, coconut shells, sawdust, 

natural fruit peals, nuts hulls and so forth. Previous studies have also demonstrated the successful 

removal capability of both bacteria and different metals ions from aqueous solution. Specifically, 

in some studies, the best performance of arsenic removal by active carbon was when pH = 2.4 

and the corresponding adsorption capability could reach up to 3.09 mg/g of arsenic versus active 

carbon; while with the pH value increasing to neutral, the adsorption amount dropped by 50% 

[31].  

In addition to the all the natural adsorbents above, there are also a number of inorganic 

material candidates such as titanium dioxide [32] and iron oxide minerals [33], which adsorb 

arsenic ions either by large active surface area or metal ions through some chelating binding 

effect. However, one of the biggest adsorption limitations of natural materials without 

modification is the lack of a great number of sites for adsorption. The morphology and structure 

of the original natural adsorbents are highly condensed, aggregated or overlapped, which does 

not provide enough space for adsorption. 

3.1.3.5 ECAR and ARUBA methods breakthroughs  

    Among the numerous methods and technologies for solving the arsenic contamination 

issues, scientists in Professor Gadgil’s group from Lawrence Berkeley National Lab developed 
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two novel methods providing cost-effective and efficient approaches to remove the arsenic from 

water; one is called Arsenic Removal Using Bottom Ash (ARUBA)[34] and the other is called 

Electro-Chemical Arsenic Remediation (ECAR) [35]. 

In the ARUBA method [34], bottom ash from an Indian coal-fired energy plant comprised the 

raw starting materials. As shown in Figure 3.3 (A), the bottom ash was treated with ferric 

hydroxide to coat on the surface, which binds arsenic effectively. Figures 3.3 (B) and 3.3 (C) 

show the difference of the ash before and after Fe(OH)3 coating, which increases the ash 

diameters up to 15 µm. The water treatment process is as simple as mixing with water and 

filtration. The researchers claim about 8 U.S. cents for 10 L  up to 1000 ppb water purification to 

meet the WHO standard (10 ppb). 

 

Figure 3.3 (A) ARUBA preparation protocol, (B) SEM image of raw bottom ash and (C) 

SEM image of Fe(OH)3 modified bottom ash (figure reprinted with permission from reference 

[34]) 
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In the ECAR method [35], iron (Fe) from an iron anode dissolves into solution, forming 

Fe(OH)3 rust. The rust forms complexes with arsenic in solution through adsorption to the rust 

surface, or precipitation into a new iron-arsenic solid. The arsenic-rust complexes are then 

filtered or settle out of the water. The key part of the experiment is to oxidize As (III) to As (V) 

prior to the ECAR process, because trivalent arsenite does not bind as strongly as pentavalent 

arsenate to the mineral surface. In addition, the researchers estimated the operating costs of this 

treatment, claiming that it can provide up to 1000 L of WHO required safe standard  water from 

arsenic contaminated groundwater at the cost of 22 U.S. cents.  

 

Figure 3.4 ECAR arsenic removal mechanisms(figure reprinted with permission from  

reference [35])  

 

Therefore, it can be concluded that both of the methods are taking advantage of the high 

binding affinity between Fe(OH)3 and As (V). Adsorption is carried out on the ferric hydroxide, 

which both can provide large surface area down to a few microns. However, though the bottom 
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ash sizes are quite small (1µm to 10 µm), they do not have a uniform morphology and cannot be 

further broken down, which limits the adsorption performance. In addition, these two methods 

may be also limited to As (V) removal; hence, creating ultra-fine size-uniformed particles that 

can efficiently remove As (III) becomes a challenging problem.  

3.1.4 Natural polysaccharide chitin as adsorbent 

Chitin is the second most abundant, non-toxic, biodegradable, and biocompatible natural 

polysaccharide behind cellulose. Chitin can be obtained from shellfish exoskeletons, such as 

shrimp and crab shells or from plants, such as mushrooms [36]. There were about 1011 tons per 

year of chitin produced by industrial processes as of 2003 and a large amount of chitin resources 

are thrown away without utilization [37]. Figure 3.5 reveals a representative chitin fiber 

production process from the original source. Individual molecules are naturally connected to 

form the crystalline structure; the molecular chains are imbedded in proteins forming bundles of 

larger fibers; those bundles aggregate and connect to each other through branched woven 

networks to constitute larger nanofiber bundles; furthermore, the large fiber bundles are the 

actual skeletons which are wrapped by different proteins and minerals, such as calcium 

carbonates; the woven network are twisted in a hierarchically structural sequence, which is 

named as the “Bouligand Structure”. In addition, there is no strict definition between chitin and 

chitosan, when the degree of deacetylation is over 50%, it can be defined as chitosan, otherwise 

chitin. [38] 
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Figure 3.5 Schematic representation of the organization of chitin chains and fibers to 

form hierarchical structures supporting living bodies (figure reprinted with permission from 

reference [39]) 

    In this research, we aimed to extract ultra-fine (nanoscale size-uniform) nanofibers from the 

shrimp shell chitin by a series of chemical and mechanical treatments and then modify it with 

different functional molecules to demonstrate arsenic adsorption performance from water due to 

the tremendous nanofiber surface area and large functionality.  

3.2 Materials and Methods 

3.2.1 Materials  

     L-Cysteine (> 97% purity), N-hydroxysuccinimide (NHS), N-(3-dimethyl-aminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), sodium 
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hydroxide (NaOH), sodium hypochlorite (NaClO), sodium chlorite (NaClO2), sodium arsenite 

(NaAsO2), phosphate buffer, practical grade powder chitin from crab shell and shrimp shell 

(Poly-(1-4)-β-N-acetyl-D-glucosamine) and chitosan (Medium molecular weight 103kDa; degree 

of deacetylation 85%) were purchased from Sigma-Aldrich. Ellman's Reagent, DTNB (5,5'-

dithio-bis-[2-nitrobenzoic acid]) was purchased from Thermo Scientific. Dialysis tubing 44 mm 

× 28 mm with molecular weight cut off (MWCO) = 14,000 Daltons was purchased from Fisher 

Science Education. 

3.2.2 Preparation of thiol-modified chitin nanofibers 

3.2.2.1 Preparation of chitin nanofibers Step 1: Acid / Base Treatment 

    One way to prepare chitin nanofibers is through a series of acid, base and mechanical 

treatments as previously published [39, 40]. 10.0 g of dried powder of chitin from shrimp shell 

was dispersed in 500 ml 2 M HCl and stirred at room temperature for 6 h to remove mineral 

salts, such as calcium carbonate. The slurry was separated by vacuum filtration and then washed 

with water to remove HCl until the pH value was neutral. Next, the chitin was dispersed and 

refluxed in 500 ml 30% NaOH at 80 °C for 10 hours to remove proteins and deacetylate the 

fibers. Then the slurry was separated by vacuum filtration. Finally, it was washed with DI water 

until the pH value of the filtrate was close to 7, tested by a pH meter, indicating that all NaOH 

was being removed. 1.0 g chitin slurry (>90 wt% chitin) was dispersed in 100 g of water and 

sonicated for 15 min with a homogenizer (Cole Parmer, VCX-400). The resulting chitin 

nanofiber aqueous suspension had a concentration of ~1 wt%, determined by a Total Organic 

Carbon analyzer (TOC-500, Shimadzu Corporation).  Part of the insoluble portion of solution 

was freeze-dried for further analysis.  
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3.2.2.2 Preparation of chitin nanofibers by Step 2: Oxidant Treatment 

    In addition to step 1, previous literatures also reported fiber surface oxidation to produce ultra-

fine fibers [41, 42]. Specifically, the product from step 1 was continuously treated by adding a 

certain amount of NaClO (5 mmol of NaClO per gram of chitin nanofiber), stirring overnight 

and then separating the slurry by vacuum filtration and washing by DI water until the pH value 

reached 7. Next, the slurry was treated with 30 wt% NaOH, boiled at 80 °C again to remove left-

over protein and allowed the deacylation reaction to occur. The final product was purified by 

using a dialysis bag (MWCO 140k) in a 5 L water tank. DI water was changed every 2 hours 

until the conductivity of the solution was equal to water (~ 120 µS/cm).  2.0 g chitin slurry (> 60 

wt% chitin) purified from the dialysis bag was dispersed in 100 g of water to sonicate with the 

homogenizer for 15 min, then confirmed the concentration of chitin stock solution ~1 wt%, as 

determined by TOC-500. Part of the solution was freeze-dried for further analysis.  

3.2.2.3 Preparation of thiol-modified chitin nanofibers with cysteine 

    100 g of (~ 0.5 wt%) chitin nanofiber suspension (from the oxidant treatment) was mixed with 

N-hydroxysuccinimide (NHS) (0.16 g, 1.4 mmol), 1-ethyl-3-[3-dimethylaminopropyl] carbo-

diimide hydrochloride (EDC) (0.24g, 1.3 mmol) and cysteine (0.5 g, 4.1 mmol). The reaction 

was allowed to proceed for 24 hours at room temperature, then the mixture was centrifuged at a 

speed of 5000 rpm (with a relative centrifugal force of about 2200 × g) and the supernatant was 

poured off. Then the slurry of modified nanofibers was re-suspended in DI water and the 

washing and centrifugation process was repeated several times until the conductivity in the 

centrifuge tube remained the same (~ 120 µS/cm), which indicated that only chitin nanofibers 

remained in the solution which was about 75 wt% (~ 400 mg) yield confirmed by TOC-500. 
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3.2.3 Characterization of modified chitin nanofibers  

3.2.3.1 Determination of amine groups by conductivity titration 

The amount of amine groups on the surface of chitin nanofibers could be quantified by using 

the electric conductivity method [43, 44]. During the test, 6 ml of 0.9 wt% chitin suspension was 

first diluted with DI water into 50 ml suspension. 3 ml of 0.1 M HCl was subsequently added to 

this suspension to keep the pH value between 2.0 and 3.0. Then, 50 µl aliquots of 0.1 M NaOH 

were added continuously at the rate of one aliquot every 20 seconds into the suspension to 

achieve a pH value of 11, while the conductivity of the suspension was measured. The amine 

content was determined from the conductivity and the pH curves [44]. 

 

3.2.3.2 Quantitative determination of thiol groups with Ellman’s Reagent 

After the chitin nanofiber reaction with cysteine, the thiol-modified chitin nanofiber 

suspensions were purified by dialysis against DI water until no carbon was detectable by TOC 

analysis of the solution outside the dialysis bag (MWCO = 140,000 Daltons). Previous studies 

[45] have demonstrated using Ellman's Reagent, DTNB (5,5'-dithio-bis-[2-nitrobenzoic acid]), to 

determine the amount of thiol groups on the surface of cellulose nanofibers in aqueous 

suspension. The same method was applied to determine the thiol groups on the surface of chitin 

nanofibers in aqueous suspension. During the testing process, the DTNB was used to react with 

thiols to release 2-nitro-5-thiobenzoate (NTB-) and was ionized to the yellow color NTB2- di-

anion at pH = 8.0 aqueous solution. Thiol groups were assayed by using the molar adsorption 

coefficient of NTB- (14,150 L mol-1cm-1 at 412 nm) [46]. Detail preparation, testing and 

calculation were included previously in 2.2.3.2 Quantitative determination of thiol groups with 

Ellman’s Reagent. 
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3.2.3.3 Fourier Transform Infrared (FT-IR) spectroscopy 

    Fourier transform infrared (FT-IR) spectroscopy with attenuated total reflectance (ATR) 

accessory (Nicolet iS10 spectrophotometer, Thermo Scientific, Inc) is one way to provide 

chemical functionality of chitin nanofibers and thiol-modified chitin nanofibers. Each sample 

was freeze-dried and analyzed in the range from 4000 cm-1 to 650 cm-1. 

3.2.3.4 Scanning Electron Microscopy (SEM) 

    The morphology of raw chitin and chitin after chemical treatment were investigated by SEM 

(LEO 1550 with a Robinson backscatter detector and a 20 kV Schottky filed emission gun). All 

the dried samples were carried through a sputter coating process for 45 seconds with platinum in 

vacuum. The SEM was equipped with an Energy Dispersive Spectrophotometer (EDS) (EDAX 

Sapphire PV7715/89-ME). EDS data were analyzed with Iridium Ultra software (iXRF). 

3.2.3.5 Transmission Electron Microscopy (TEM) 

    The chitin nanofiber (and thiol-modified chitin) suspension was diluted to 0.01wt% aqueous 

suspension, then sonicated by using a homogenizer and cast on a carbon-coated electron 

microscopy TEM grid, then stained by dropping ( ~ 0.5 ml ) 2.0 wt% uranyl acetate. The TEM 

applied to conduct the image acquisition was FEI Bio TwinG2 with an accelerating voltage of 

120 kV.  

3.2.3.6 Small Angle X-ray Scattering (SAXS) experiment 

A series of 0.05 wt% to 0.7 wt% chitin nanofiber suspensions were measured by simultaneous 

SAXS on the X-9 beam line at National Synchrotron Light Source (NSLS) at Brookhaven 

National Lab (BNL). Experiment procedures followed the previous study on cellulose nanofiber 
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morphology characterization in aqueous suspensions [48]. A 20 µl chitin nanofiber aqueous 

suspension was automatically injected into a glass capillary with a diameter of 1 mm in vacuum. 

The X-ray wavelength was 0.0918 nm and the PILATUS 300K detector was set at 3.2 meters 

away to collect the SAXS data. During the data collection process, samples were continuously 

passed through the capillary to minimize the radiation damage. A Python-based software 

package was applied to process the preliminary data, converting the two-dimensional images into 

one-dimensional scattering, blocking unnecessary pixels and subtracting buffers and background 

information. 

3.2.4 Evaluation of arsenic removal by thiol-modified chitin nanofibers 

      The As (III) adsorption experiment was performed to evaluate the adsorption maximum 

efficiency of chitin nanofibers (in suspension) before and after thiol modification. 100 ppm 

sodium arsenite (Na3AsO3) in DI water was applied as stock solution for the series of adsorption 

tests. The concentrations of arsenite ion solutions were prepared by diluting stock solution from 

10 to 100 ppm. 0.5 wt% chitin nanofibers before and after modification were separately applied 

for the adsorption testing at different initial arsenite concentrations and at a solution pH ranging 

from 4.0 to 11.0 adjusted by adding NaOH or HCl solutions and left overnight.   

                                                                                                                 3.1 

    In Equation (3.1), Q refers to the amount of metal adsorbed (mg/g), Ci means the initial metal 

ion concentration while Cf means the final metal ion concentration (mg/L), V refers to the 

volume of solution (L) and M is the weight of adsorbent. 

      An Atomic Absorption Spectrophotometer (AAS) from Perkin Elmer was used to determine 

the arsenic concentration in the solution. Graphite Furnace model with ionization temperature: 
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2850°C was selected for the testing. In addition, diluent was 0.2 wt % HNO3 as background and 

matrix modifier was 0.1wt % Mg(NO3)2 for sample stabilization from evaporation. 

3.3 Results and Discussions  

3.3.1 Analysis of chitin nanofibers  

          It is known that shrimp shells are composed of hierarchical structures. In order to extract 

chitin nanofibers from the raw chitin powder, a certain process of chemical and mechanical 

treatments were applied. As has been described in the experimental section, HCl was used to 

remove the minerals, mainly calcium carbonate and NaClO2 was applied to bleach the pigment 

buried in the woven networks structure. The protein layers wrapping around the nanofibers could 

be removed by strong NaOH solution. Figure 3.6 shows the raw chitin powder from shrimp shell 

Figure 3.6(A). The surface was quite uniform and it was impossible to see any fiber network due 

to the coverage of proteins on the surface. In addition, EDS also detected a high amount of 

calcium, indicating the existence of some minerals, like calcium carbonate. In Figure 3.6 (B), the 

fibrous network structure was quite visible after a series of chemical treatment and there was no 

metal peak detectable in the EDS analysis. 

 

Figure 3.6 SEM images of (A) raw chitin and (B) chitin fiber network with scale bars of 4 

µm. 
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    However, the chitin fibrous network we purified from vacuum filtration could not be well 

dispersed in aqueous solution at neutral pH. In Figure 3.7, sample (1) was the chitin nanofiber 

suspension dispersed in the aqueous solution, and the photograph revealed that chitin nanofibers 

modified only by the acid/base treatment were not well suspended in water, but rather formed a 

gel-like precipitate. The aggregation could be due to the large portion of the hydrophobic part of 

the chitin nanofibers arising from strong inter-fibrillar hydrogen bonding effects among the 

surface of the chitin fibers. When the pH of the suspension was decreased, the deacylated C2 

amine groups on the surface of the fiber could be cationized and the electrostatic repulsion 

among the positive charge groups could help to disperse the fibers in the aqueous solution. 

However, after the NaClO treatment and dialysis purification, and under neutral pH conditions, 

sample (2) chitin fibers became much better dispersed in the aqueous solution.  It is very likely 

that the hydroxyl groups at the C6 positions could be partially oxidized to carboxylate, creating a 

water soluble fraction of polyuronic acid Na salts on the surface of chitin nanofibers. Sample (3) 

was after the NaOH deacetylation treatment; more hydrophilic amine groups were exposed and 

these groups facilitated the dispersion of the fibers in the solution. The concentration of the 

homogenous suspension of sample (3) was 0.5 wt%, as confirmed by TOC. Though the final 

suspension was only partially transparent, when compared with sample (1) and (2), the chitin 

fibers could most likely be converted into individual nanofibers, were highly crystalline and 

appeared to be well dispersed in DI water after mechanical disintegration [41].  
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Figure 3.7 Photographs and mechanism of chitin at different chemical treatment stages: 

(1) chitin nanofiber suspension by acid/base treatment, (2) chitin nanofiber suspension by NaClO 

treatment (3) chitin nanofiber suspension (concentration 0.5 wt%) by NaOH treatment  

 

        After the series of chemical treatments and the mechanical disintegration, the surface of 

chitin nanofibers should have certain functional groups, as shown in Figure 3.8. At C2 position, a 

certain amount of amino groups were generated during the deacetylation process by NaOH. If 

there were a sufficiently large amount of primary amines created, then the chitin fibers could be 

well dispersed in the aqueous solution due to the cation formation of amine under acidic 

conditions. As mentioned above, the oxidation reaction by NaClO at C6 positions could convert 

hydroxyl groups to carboxylates, which might also play a significant role in separating the 

nanofibers from one another due to electrostatic repulsions between negatively charged ions. In 

this case, this well-separated natural polysaccharide nanofibers with different functional groups 

can be further modified for various applications, such as biomedical and life science technologies 

and for additional applications to water purification. 
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Figure 3.8  Possible sketch map of chitin nanofiber functional surface after chemical 

treatments [49]. 

 

        Moreover, the series of chemical treatments and mechanical disintegration can produce 

ultra-fine and size-uniform nanofibers. In Figure 3.9 (A), it is clear to see that the fiber length is 

from a few hundred nanometers to a few microns. It also shows some fiber aggregation. It could 

be possible that after casting the 0.01 wt% chitin nanofiber suspension and removal of the extra 

liquid from the grid, the concentration of the suspension was increased, leading to a higher 

concentration and induced fiber aggregation and overlaps among the fibers. In Figure 3.9 (B), the 

ultra-fine chitin nanofibers were 5 – 20 nm in width and could be easily observed. In addition, 

some regions of twisted fibers can be seen on both of the TEM images indicating a ribbon-like 

structure. Furthermore, the morphology analysis of chitin nanofibers by small-angle X-ray 

scattering (SAXS) also confirmed a  ribbon-like structure [48].  
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Figure 3.9 TEM images of the same chitin nanofibers after acid/base and oxidant 

treatment with scale bar of (A) 500 nm and (B) 100 nm, stained with 2.0 wt% uranyl acetate 

solution before imaging 

 

3.3.2 Chitin nanofiber characterization by SAXS 

          Previous studies [48] in our research group have utilized SAXS to characterize cellulose 

nanofibers (3 nm to 13 nm width and a few hundred nanometers in length) in aqueous 

suspension, similar in size dimension to chitin nanofiber dimension found from TEM in this 

study.  A ribbon model, which assumes that the cross-section of the fiber was more rectangular 

in shape, was established to characterize the nanofibers and an equation (3.6) [48] was developed 

as follows. With the lengths of nanofibers ranging from hundreds of nanometers to more than 

one micron, far exceeding the normal SAXS size investigation range (0.5 – 500 nm), the length 

of the ribbon was taken as infinitely long in this model. Based on the previously published 

model, the ribbon-like chitin nanofiber had an average diameter of 18 nm, which matched TEM 

observed fiber sizes. 
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3.3.3 Quantitative analysis of chitin nanofiber functional groups  

    In the aforementioned chitin nanofiber preparations, several different functional groups 

were generated, serving as potential sites for direct applications or further modification reactions. 

Hence, quantitative analysis of functional groups on the surface of chitin nanofibers is of great 

importance.  

    In the chitin nanofiber preparation, the protein wrapping around the fiber and the minerals 

buried in the network have been removed by NaOH and HCl, respectively. After isolation and 

purification, though not well dispersed in water, a small amount of C2 amino groups was 

detectable with approximately 0.8 mmol per gram of chitin. Furthermore, C6 hydroxyl groups 

could be oxidized by NaClO and the carboxylate conductivity titration [45] yielded a surface 

carboxylate concentration of 0.05 to 0.1 mmol/g. In addition, after the strong base (30 wt% 

NaOH) had been boiled with chitin fibers, the C2 acetylamide deacetalytion reaction could 

provide a large amount of primary amine groups, about 1.7 mmol/g. The increasing amount of 

amine groups detected could be due to a better dispersion of the fibers in the solution rather than 

the fiber aggregation after NaClO oxidant treatment. Therefore, more C2-amino groups were 

exposed. It is also likely that the second long term treatment of NaOH can release more 

nanofibers from the residual protein matrix and meanwhile deacetylate more of the C2-

acetylamide. 

In addition, since amine groups on the surface of the chitin fiber are the key in the following 

grafting reaction and adsorption performance studies, understanding the degree of deacetylation 

of fiber surface is crucial. As is shown in the Figure 3.11, the surface molecular chain of chitin 

has a composition of n moles of N-acetyl glucosamine (GlcNAC) and m moles of glucosamine 

(GlcNH2).  The difference between chitin and chitosan relies on the m and n ratios. When n    
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m, the polymer is consider as chitin, while n   m, the polymer is consider as chitosan [50].  

 

Figure 3.10 Chemical structure of chitin/chitosan chain  

 

The degree of deacetylation ratio of chitosan (fD) is given in the following equation: 

     = 
 

   
                                           3.2 

 

The chitosan monomer average weight (        ) is given in the following equation: 

        =                                    3.3 

 

The concentration (mol/g) of primary amine groups on the chitosan is calculated in the 

following equation.  

𝐶   = 
  

       
 =

  

                     
                3.4 

Therefore, the molar amine concentration on the 100%-deacetylated chitosan is 6.2 mmol/g 

based on equation (3.4). There are 1.7 mmol of amine per gram of chitin, as determined by the 

electrical conductivity titration [51-53], and shown in Table 3.1. The number of amine groups on 

the 100% deacetylated chitosan is much larger than the number of amine groups determined by 

titration. The reason for this is that the chitin fiber is an aggregation of chitin chains up to 5 nm – 

20 nm diameter in dimension. Thus, even though the surface of the chitin nanofibers was 
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deacetylated by a series of NaOH treatments, there is still a large amount of chitin molecular 

chains being bundled together and not exposed. Therefore, these internal sites cannot be detected 

by conductivity titration.  

 

Table 3.1 Determination of amine groups on the ultra-fine chitin nanofibers 

Amine Determination Method Amount of Amine Groups 

Theoretical amine in chitosan *1 6.2 mmol/g 

Primary active amine on chitin fiber by titration *2 1.7 ± 0.03 mmol/g 

*1. Data was calculated according to equation (3), on the assumption of 100%-deacetylated 

chitosan 

*2. Data was generated by conductivity titration measurement in the experimental section 

 

3.3.4 Characterizations of thiol-modified chitin nanofibers  

    Thiol-functionalized chitin nanofibers were created by grafting cysteine molecules onto the 

fiber surface by forming amide bonds between cysteine carboxylate groups and amine groups 

from chitin. The reaction happened in the presence of NHS and EDC to activate the carboxylate 

groups and to react with amine forming amide bonds (Scheme 3.1). Specifically, the 

modification reactions carried out at different molar ratio of chitin – amine ([NH2]= 1.7 mmol/g) 

to cysteine at 1:2, 1:6, 1:10. The maxium chitin nanofiber surface thiol concentration was 

obtained equally at 1:6 and 1:10 with 1.1 ± 0.1 mmol/g determined by Ellman’s reagent method.  
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Scheme 3.1 Reaction of cysteine with chitin nanofiber 

        FT-IR spectroscopy was applied to demonstrate the presence of functional groups in 

the modification reaction (Figure 3.12). Both unmodified/modified chitin nanofibers were freeze-

dried after dialysis for analysis. The IR spectrum of cysteine modified chitosan is compared with 

raw chitosan samples, as shown in Figure 3.12. The broad band at 1650 cm-1 could be the 

carbonyl adsorption from modified chitin surface COOH overlapping amide I band [54]. The 

primary amine adsorption at 1590 cm-1 on chitin was found as amide II signals at 1550 cm-1 on 

chitin-cysteine [54]. The peaks in the IR indicate the success of cysteine grafted onto the chitin 

nanofiber. One possibility for the IR absorbance around 1400 cm-1 is the thiazolidine ring from 

the formation of alkylthiazolidine through reaction of aldehyde groups and cysteine. 
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Figure 3.11 FTIR of chitin nanofibers and thiol-modified chitin nanofibers 

 

    The EDS analysis of freeze-dried cysteine-modified chitin nanofibers can be regarded as a 

proof of the presence of sulfur (Figure 3.13), which supports the argument of cysteine being 

connected to the nanofibers. In addition, it also yields a weight percentage of each element 

composition, which provides a quantitative analysis of the amount of functional groups. Based 

on the chemical molecular structure of thiol-modified chitin, the thiol amount was 2.0 ± 0.2 

mmol/g of chitin nanofiber, as listed in Table  3.2.  
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Element C O N S 

Weight Percentage (%) 34.3 ± 0.7 38.3 ± 1.0 17.8 ± 0.5 6.3 ± 0.7 

 

Figure 3.12 EDS with quantitative analysis of thiol-modified chitin nanofibers 

 

    After dialysis purification, the thiol concentration on the chitin nanofiber could also be 

detected in the suspension formed by Ellman’s reagent. This method has already been 

successfully used in previous studies to demonstrate the amount of thiol grafting on the surface 

of cellulose nanofibers [45]. The concentration of the yellow compound formed was quantified 

by measuring the UV adsorption at 412 nm wavelength. As listed in Table 3.2, the highest 

concentration of thiol obtained on the surface of chitin nanofiber was 1.1 mmol per gram of 

chitin, where the maximum primary amine was 1.7 mmol/g of chitin. It suggested the possibility 

of about 65% amine groups on the chitin were grafted with cysteine, or it is also possible that 

less than 65% amine reaction with cysteine oligomers formed. 

 

Table 3.2 Determination of thiol groups on ultra-fine chitin nanofibers 
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Thiol Groups Amount Determination Method Amount of Thiol Groups 

Thiol groups on the surface of chitin by EDS analysis *1 2.0 ± 0.2 mmol/g 

Thiol groups on the surface of chitin by Ellman’s Reagent *2 1.1 ± 0.1 mmol/g 

*1 Calculation based on the S weight percentage and chitin molecular structure 

*2 Calculation based on Ellman’s Reagent equation described in the experimental part 

 

3.3.5 Adsorption performance evaluation 

3.3.5.1 pH effect on static adsorption  

The pH of the solution has a marked influence on both amine and thiol functionalized chitin 

nanofibers. When the pH is below pKa of chitosan (6.5), all the amine groups can be completely 

positively ionized [55]. When the pH value is above the pKa value of cysteine (8 to 9), the 

groups will be mostly negatively charged in aqueous solution [56, 57]. In addition, the pH also 

has an effect on arsenic ion species that is present in aqueous solution. For instance, when pH ˂ 

4, neutral H3AsO3 is the dominate species; when pH is over 4, negatively charged H2AsO3
-, 

HAsO2- and AsO3
3- start to appear[58, 59].  



 

99 

 

 

Figure 3.13 As (III) adsorption by chitin and thiol-chitin nanofibers 

 

As shown in Figure 3.14, the adsorption of arsenite ions (AsO3
3-) was investigated at pH 

values from 4.0 to 11.0, while as mentioned in the introduction, most arsenic pollution in rivers 

and lakes is within a pH range of 5.0 to 8.0. The adsorption amount was tested by AAS and 

calculated using the arsenite concentration differences before and after adsorption, multiplied by 

the volume of solution and then divided by the mass of the adsorbent. It was found that the 

highest adsorption amount was 138 mg arsenite per gram of thiol-modified chitin nanofibers at a 

pH = 7.0. In comparison, the maximum adsorption of unmodified chitin nanofibers was 58 mg/g, 

which is less than half of that of the modified ones. This could be explained by the higher 

concentration of thiol (1.1 mmol per gram of chitin) forming an As (III)–thiolate complex on the 

surface of the chitin nanofiber [60]. If the thiol-arsenite is 1:1 ratio coordination, the theoretical 

As(III) adsorption is 118 mmol/g, but protonated amine can also have interactions with arsenite 

as in unmodified chitin nanofiber (58mg/g), leading to a total theoretical arsenite adsorption by 
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thiol-chitin could be 176 mg/g .When the pH value was between 4.0 and 7.0, the dominate 

arsenic ions were negatively charged, and the protonated amine could adsorb arsenic on to the 

surface due to an electrostatic attraction for the oppositely-charged species and a Van der Waals 

attraction for the neutral species [59]. However, when the pH value was increased, the As-

thiolate complex formation was inhibited and charge attraction adsorption started to dissociate 

due to the deprotonation of amines.  

 

3.3.5.2 Langmuir adsorption isotherms 

        Adsorption isotherms are commonly used to calculate the maximum adsorption capacity by 

studying the interactions between adsorbents and adsorbates.  The calculation of arsenic ion 

adsorption capacity by chitin nanofibers using Langmuir Adsorption Model could be referred to 

2.3.7 Langmuir adsorption isotherms section in Chapter 2.  
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Figure 3.14 Langmuir Adsorption isotherm of As (III) adsorption by thiol-chitin 

nanofibers 

 

    Table 3.3 illustrates the parameters (i.e., the maximum adsorption capacity, Langmuir constant 

and correlation coefficient) extracted from the adsorption isotherms of As (III) ions for thiol-

chitin nanofibers. Based on the results in Figure 3.17 and Table 3.3, As (III) adsorption closely 

fits the Langmuir Model with high a correlation coefficient of 0.997 and large adsorption 

capacity 149 mg/g at its optimum adsorption pH values).  

Table 3.3 Parameters extracted from adsorption isotherms of As (III) 

 

Heavy Metal Ions 

q
m

 (mg/g) b (L/mg) R2 

Maximum 

adsorption  

Langmuir 

 constant 

Correlation 

coefficient 
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As (III) 149 0.392 0.997 

 

3.3.6 Comparison with other thiol-modified adsorbents 

The above thiol-modified chitin nanofiber adsorption results were compared with other 

competitive adsorbents at their optimal adsorption capacity, as listed in Table 3.4. Ferrihydrite 

has the highest adsorption at 266.5 mg/g at pH = 9. Previous studies showed the strong binding 

affinity between ferrihydrite and arsenic ions [62, 63]. In addition, the ferrihydrite sample listed 

in the table was freeze-dried after synthesis, which had a very large surface area exposed to the 

metal ion solution. It is also clear that all the adsorbents listed in the table might not have a large 

adsorption capacity due to their adsorption format, which was in powder form. These adsorbent 

powders had particle sites larger than a few millimeters and had a relatively low surface area, 

meaning that they already lost many potential adsorption sites. However, our thiol-modified 

chitin nanofibers had a nanoscale dimension that could provide hundreds of times higher active 

surface areas for adsorption than most of the listed materials. Besides, as mentioned above, the 

thiol groups had a strong affinity to arsenic ions that could also contribute to the adsorption 

capacity.  

Table 3.4 Comparison of different adsorbents in arsenic adsorption 

 Adsorbents 

As (III) 

adsorption 

(mg/g) 

Optimum 

adsorption pH 

Initial 

Concentration 

(ppm) 

1* Thiol-resin dry powder [64] 30 8 10 ppm 

2* Thiol-chitosan bead [21] 2.5 7.0 10 ppm 

3* Chitosan powder [65] 58 4.0 400 ppm 

4* Active carbon (coconut husk)[66] 146.3 12.0 50 – 600 ppm 

5* Bead cellulose loaded with iron 99.6 7.0 1 -100 mmol/L 
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oxyhydroxide (BCF) [67] 

6* Ferrihydrite[63] 266.5 9 
0.267 – 26.7 

mmol/L 

7 Chitin nanofiber 56 6.0 50 ppm 

 8 Thiol-chitin nanofiber 149 7.0 50 ppm 

 

3.4 Conclusions 

In conclusion, ultra-fine chitin nanofibers (diameter about 5 nm to 20 nm) with substantial 

amounts of amine groups (1.7 mmol/g) were formed by a series of chemical and mechanical 

treatments. These chitin nanofibers were subsequently coupled with cysteine to afford thiol-

functionalized fibers (surface thiol concentration ≈ 1.1 mmol/g). The small size of tm-CNF fibers 

provided a very large surface-to-volume ratio with many active sites for arsenic ions adsorption. 

The fibers had a maximum capacity of 149 mg/g as generated by the Langmuir Adsorption 

Model. Furthermore, the nanofibers can be cross-linked to form an aerogel or hydrogel that could 

be a promising candidate to be commercialized for water purification applications involving the 

removal of heavy metal ions.  
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Chapter 4 Radical Polymerized Cellulose Composite Ultrafiltration 

Membranes 

 

Abstract 

          An ultrafiltration membrane with a hydrophobic surface was made by radical 

polymerization of styrene and divinylbenzene (DVB) at different composition ratios at the 

membrane surface. The surface of the composite membrane layer-by-layer structure (from 

bottom to top: PET, e-spun PAN, Cellulose nanofiber layer, radical polymerization of DVB and 

styrene) was characterized by SEM, atomic force microscopy (AFM) and water contact angle 

measurement. In addition, porometry studies, molecular weight cutoff (MWCO), and filtration 

performance was tested. A series of chemical treatments: acid, base, toluene, and methyl ethyl 

ketone (MEK), were applied to test the chemical resistance of the membrane. Based on runs of 

testing and experiments, optimum membrane fabrication conditions were achieved, resulting in a 

highly cross-linked membrane with maximum pore size of 12 nm which was toluene and MEK 

resistant.  

 

 

Key words: styrene, divinylbenzene, polymerization, cellulose, ultrafiltration membrane 
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4.1 Introduction 

          As previously discussed in the introduction to Chapter 1, membrane filtration plays an 

important role in separation and purification, both in academic research and in various industries.  

Microfiltration (MF) membrane usually refers to a membrane with pore sizes ranging from 0.1 

µm to 10 µm that filters away particles, such as bacteria and pathogens [1]. Ultrafiltration (UF) 

membranes with pore sizes in the range of 10 nm to 100 nm can block smaller units, such as 

proteins and gelatin [2]. The common commercialized MF membrane production varies from 

ceramic membrane fabrication, polymeric membrane fabrication by phase inversion [3, 4] or 

electrospinning [5-7]. Despite the hollow fiber-based ultrafiltration[8] or nanoporous carbon 

membrane [9], a common method of ultrafiltration fabrication is by thin-film/chemical coating or 

deposition on top of the MF or equivalent filter substrate to minimize the pore size and 

functionalize the membrane surface [10-12].  

          Previous research in our group has been successful in producing e-spun nanofibrous MF 

membranes (made of polyacrylonitrile, polyvinylalcohol) with high pure water flux, uniform 

pore size, and a high rejection ratio for bacteria (e.g. Escherichia coli, > 99.9999%) [13, 14]. In 

addition, ultra-fine cellulose nanofibers have also been produced and coated on the top of e-spun 

membranes to generate cellulose cross-linked barrier layer UF membranes with a smaller pore 

size while retaining a high water flux and allowing adsorption of positively charged dyes and 

UO2
2+ [15, 16]. A schematic representation of the three layer membrane can be found in the 

following Figure 4.1, a hydrophilic, cellulose nanofiber top layer coated on a non-woven e-spun 

nanofibrous middle layer, supported by a micron-scale pore nonwoven bottom layer. In this 

research, we introduce a novel method of barrier layer fabrication with cellulose nanofibers 

incorporated to minimize the membrane pore size to filter away smaller particle sizes. 
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Figure 4.1 Schematic representation of novel composite membrane structure, (A) layer by 

layer structure with corresponding layer properties (figure reprinted with permission from 

reference [17]), (B) demonstration of cellulose/PAN/PET 3-layer composite membrane in water 

filtration (figure reprinted with permission from reference [18]). 

 

4.2 Materials and Methods 

4. 2.1 Materials 

        Styrene (contains 4-tert-butylcatechol as stabilizer, ≥ 99%), divinylbenzene (DVB) 

(technical grade ≥ 80 %), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), sodium hypochlorite 

(NaClO), 98% 2,2’-Azobis(2-methylpropionitrile) (AIBN) (recrystallized twice from methanol 

to purify before reaction), and dextran (from Leuconstoc mesenteroides) were purchased from 

Sigma Aldrich.  Polyacrylonitrile (PAN, Mw=150,000 g/mol) was purchased from Scientific 

Polymer Products. Cellulose Biofloc-92 (wood bleached pulp) was provided from Tartas, France. 
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Non-woven poly (ethylene terephthalate) (PET) microfilter substrate with an average fiber 

diameter ~10 µm for membrane support was provided by Sanko (Japan No. 16-1). 

 

4.2.2 Preparation of e-spun PAN nanofiber 

          PAN was dissolved in DMF to form a solution by stirring for 2 days at 60 °C in a sealed 

glass container to obtain 7 wt% homogeneous solutions. The PAN solution was electrospun onto 

a PET nonwoven support at 15 kV by the electrospinning apparatus described previously. More 

detailed information could be found in the Chapter 2 experimental section of electrospinning.  

 

4.2.3 Preparation of TEMPO oxidized cellulose nanofiber 

          A cellulose nanofiber suspension was prepared by the TEMPO oxidation method and 

purified by dialysis. The concentration was confirmed by TOC. More detailed information could 

be found in the Chapter 2 experimental section of TEMPO-oxidized cellulose preparation. 

4.2.4 Preparation of cellulose coated UF membrane  

          After PAN was e-spun onto PET, the PAN/PET composite membrane was dipped into pH 

= 1.2 HCl aqueous solution until saturated (~ 30 seconds). A rubber roller was used to remove 

bubbles below the membrane substrate as well as excess solution. A 0.35 wt% cellulose 

nanofiber suspension was cast on the top of the substrate and the coating process was applied by 

using a draw-down machine (Gardco DP-8301), as shown in Figure 4.2 (left). Figure 4.2 (right) 

is a schematic representation of a draw-down machine. It controls the coating thickness of the 

cellulose to about 200 µm by the thickness of the tape around the membrane. After coating, the 

membrane was dried in an oven at 75 °C for 20 min.  
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Figure 4.2 Cellulose nanofiber coating steps (left) and draw-down coating machine 

demonstration (right) 

 

4.2.5 Preparation of radical polymerized UF membrane  

          Radical polymerization of styrene and DVB on the surface of a cellulose-coated UF 

membrane was conducted in the following way, as shown in Figure 4.3. A 10 cm × 10 cm 

substrate was sprayed with DI water (~ 5 mL) and the membrane top layer was partially dried 

(no liquid flow) with a heat-gun (~ 60 ºC) for ~ 1 min .  Then, the wet membrane was fixed onto 

a 20 cm × 20 cm glass plate with the four edges sealed with chemical-resistant polyamide tape. 

After that, 10 mL organic solution (containing styrene, DVB, AIBN) was cast on the top of the 

wet membrane. A steel roller was used to remove excess organic solution. Then, the membrane, 

being stabilized on the plate, was put in the oven at 95 ºC for 0.1 h to 2 hours for polymerization. 

The AIBN added was from 1 wt% to 5 wt% for different trials. 
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Figure 4.3 Radical polymerized barrier layer UF membrane 

 

4.2.6 Membrane morphology characterization 

          The e-spun MF membrane, cellulose coated UF membrane, and radical polymerized UF 

membrane top view and cross-section morphology structures were analyzed by SEM (LEO 1550, 

Carl Zeiss). More detailed information can be found in the Chapter 2 analysis of membrane 

geometrical studies experimental section. Specifically, the membrane cross-section was prepared 

by instant fracturing the water-wet membrane in liquid nitrogen. Then all samples were coated 

with gold for 45s in vacuum.  

          The pore size and distribution studies were carried out by Capillary Flow Porometer 

(Porous Materials Inc., CFP-1500A, USA). More detailed information regarding the test can be 

found in Chapter 2 experimental section of membrane porometry test.  

          Atomic Force Microscopy (AFM) measurements were conducted through a Nanoscope III 

AFM (Digital Instrument 3000) in the contact mode. The root mean square measurement in the 
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scale was 5 µm × 5 µm. The measurement included surface roughness of the cellulose-coated UF 

membrane and radical polymerized UF membrane at different monomer compositions.   

          The water contact angle test of membrane hydrophobicity was conducted by a CAM200 

Optical Contact Angle Meter (KSV Instrument, LTD) to measure the water droplet contact 

angle. During the test, the membrane was taped on to a glass slide, followed by dropping a 5 µL 

drop of water for 5 seconds while capturing the image by CAM software. Then, the water contact 

angle was calculated by a curve fitting method. 

 

4.2.7 Membrane filtration performance 

          The water flux was measured by a dead-end filtration cell (Microsyringe Filter Holder – 

3002500, Millipore) as a function of time and pressure. The flux test was conducted at 2 psi to 30 

psi based on different membranes at room temperature by determination of the water volume 

passing through the membrane per unit area, time, and pressure.  The rejection test was 

conducted in the same equipment as the flux test; the feed solution was 500 ppm dextran at 

different molecular weight. Rejection was determined by testing the dextran concentration 

difference between the feed and permeate solutions, as confirmed by TOC. Calculation of flux 

(4.1) and rejection (4.2) are shown in both equations below. 

Permeate flux    P = ∆V/(S•∆t)                                                     4.1 

Rejection rate (%) = 100% × (1 - C
p
/C

f
)                                          4.2 

In both equation 4.1 and 4.2, ∆V is volume of water though the membrane in a given time ∆t; S is 

the membrane effective area; and C
f
 and Cp are the concentrations of the feed and permeate, 

respectively, as determined by TOC.  
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4.3 Results and Discussions 

4.3.1 Characterization of E-spun MF membranes  

          The composite membrane consists of the following layers, from bottom to top: nonwoven 

PET layer, electrospun PAN layer, cellulose coating layer, and radical polymerized barrier layer. 

Characterization of each layer was conducted in the following manner.  

          The bottom layer was nonwoven PET, which has excellent mechanical strength as a 

supporting layer, as has been demonstrated in previous studies of our group [19]. A typical 

thickness of the PET membrane we used was about 110 µm, with fiber diameters of around 30 

µm, measured by a micrometer. PET was used as a substrate to collect e-spun nanofibers 

generated by the electrospinning machine. Specifically, the (7 wt% PAN solution) e-spun 

nanofibrous membrane collected on the PET was about 40 µm (can be 30 µm to 50 µm 

depending on the electrospinning process time). Figure 4.4 (A) shows an SEM image of a (7 

wt%) PAN nanofibrous membrane with fiber diameters of 200 nm ± 30 nm. Figure 4.4 (B) was 

determine by capillary flow porometry explained in Chapter 2 experimental section 2.2.6 and it  

shows the distribution of pore size diameters of the e-spun nanofibrous MF membrane with mean 

flow pore size of 690 nm ± 10 nm. The relationship between the pore size and e-spun fiber 

diameter was roughly 3:1, which corresponded to the previous studies [5, 6], showing that the 

mean pore size was about 3 times larger than the mean e-spun fiber diameter.  The pure water 

flux of this MF membrane was about 3000 L∙m-2∙h-1∙psi-1. 
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Figure 4.4 (A) SEM images of 7 wt% e-spun nanofibrous membrane, (B) pore size 

distribution of e-spun membrane as determined by Capillary Flow Porometry 

 

4.3.2 Characterization of cellulose nanofibers coated UF Membranes 

          Specifically, the cellulose nanofiber for the membrane-coating purpose was produced by 

adding 6 mmol of NaClO per gram of cellulose in the TEMPO oxidation process. It resulted in 

around 1.5 mmol/g of carboxylate and 0.2 mmol/g of aldehyde groups being functionalized on 

the surface of cellulose nanofibers.  Figure 4.5 (A) & (B) show the cross-section & the top view 

of the cellulose nanofiber-coated membrane. In Figure 4.5 (A), it can be seen that the bottom 

layer is a matrix of e-spun PAN nanofibers, on top of which is a cellulose nanofiber-coated ultra-

thin layer with a thickness of 250 nm ± 30 nm. In Figure 4.5 (B), the top view of this UF 

membrane surface, a uniform and semitransparent thin film can be observed and the e-spun 

nanofibers substrate is also observable.  
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The cellulose nanofibrous thin film generating process involves 75 °C heating for 20 min. 

Due to the large amount of cellulose nanofiber surface functional groups, including hydroxyl, 

carboxylate and aldehyde, as well as the nanoscale fiber structures, several physical and 

chemical reactions could happen during this process [20] [21].  

 

Figure 4.5 SEM images of cellulose nanofiber layer, cross-section (A) and top view (B) 

 

          The molecular weight cutoff (MWCO) studies were applied to evaluate the pore size of the 

cellulose nanofiber-coated UF membrane. The pore size could not be observed by SEM due to 

the nanoscale pore size. During the studies, the concentrations of dextran with different 

molecular weights were tested before and after membrane filtration as in feed solution and in 

permeate solution. The average pore size of the membrane could be calculated as a Stokes-

Einstein radius (rs in Å) in the following empirical equation 4.3 [19, 21, 22]: 

                                               4.3 
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In the equation above, the molecular weight (MW) refers to the molecular weight of dextran in 

Da. Therefore, the diameter of 5000 KDa dextran has a diameter of 83.4 nm, according to the 

equation calculation. Figure 4.6 shows the MWCO of cellulose-coated UF membrane. It can be 

seen that the cellulose nanofibrous membrane has an over 90% rejection ratio of 5000 KDa 

dextran, indicating that more than 90% of the pores of the cellulose-coated top layer were 

smaller than 83 nm in diameter. The corresponding direct filtration pure water flux (tested by 

dead-end cell) was about 16 L∙m-2∙h-1∙psi-1. 

 

Figure 4.6 Molecular weight cut off (MWCO) of cellulose coated UF membrane 

 

4.3.3 Surface characterization of radical polymerized UF membranes 

          Based on the UF membrane, radical polymerization was carried out at different ratios of 

styrene and divinylbenzene (DVB) in the presence of thermo-initiator AIBN on top of and within  
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the cellulose barrier layer. The reaction temperatures ranging from 60 °C to 120 ºC were tested 

to obtain the optimum condition. The AIBN half-life was also taken into consideration. It is 10 

hours at 64 ºC, 1.0 hour at 85 °C, and 0.1 h at 101 ºC [23-25]. Based on preliminary results of 

membrane filtration performance, a 95 °C reaction temperature was selected. One crucial step 

was to ensure that the polymerization reaction was only carried out in the cellulose barrier layer. 

In order to achieve this, the cellulose UF membrane was saturated with water first since both 

monomers were insoluble in water. A schematic representation of polymerization in the cellulose 

barrier layer is shown in Figure 4.7. In addition, since this reaction was carried out on the 

membrane surface, many limiting processes could happen during the reaction, such as 

evaporation of the reactant which could prevent further polymerization.  

 

Figure 4.7 Schematic representation of cellulose coated UF membrane (A) [31] with 

representation of styrene and DVB polymerization reaction in the barrier layer (B) 

 

          After the polymerization reaction, the membrane top barrier layer was analyzed by SEM as 

shown in Figure 4.8; (A) is a cross-section of polymerized membrane and Figure 4.8 (B) is the 

top view of the image. We can see that there is no penetration after the polymerization reaction, 

in which the styrene and DVB ratio was well controlled on the top cellulose barrier layer. In 
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addition, it can also be seen from the AFM image below that with different membrane top layer 

composition, the surface roughness changes. Figure 4.9 (A) is cellulose-coated UF membrane 

with surface roughness of 12 ± 3 nm; Figure 4.9 (B) is 20 wt% styrene to 80 wt% DVB barrier 

layer with a surface roughness 17 ± 5 nm; and Figure 4.9 (C) is 100 wt% DVB polymerization 

giving a surface roughness of 27 ± 4 nm. 

 

 

Figure 4.8 cross-section and top view of radical polymerized UF membrane 

 

 

Figure 4.9 AFM image of membrane surface roughness of different barrier layer 

composition. 
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          The cellulose-coated UF membrane is hydrophilic on the surface due to the hydrophilic 

property of cellulose nanofibers on the surface.  We can see from the Figure 4.10 that the 0 min 

reaction time refers to the cellulose-coated UF membrane, the water contact angle was 20° ± 1°. 

Both styrene and DVB are hydrophobic monomers and the copolymerization results in a 

hydrophobic surface. Specifically, the polymerization was carried out at styrene to DVB ratio of 

1:4 (by weight) with 5 wt % AIBN at 95 °C from 0 min to 60 min.  It can be seen from the same 

figure that the 15 min reaction time led to the contact angle of 44º ± 1º. When the polymerization 

time was increased, the hydrophobicity was also increased. After 30 min reaction, the membrane 

surface hydrophobicity remained at 96º ± 1º.  

 

Figure 4.10 Relationship of water contact angle and membrane surface polymerization 

time 
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4.3.4 Radical polymerized barrier layer membrane filtration performance 

          Both the flux and rejection membrane filtration tests were conducted through a dead-end 

filtration cell at 30 psi. A series of monomer ratios by weight of styrene and DVB was analyzed. 

The reaction condition for all ratios was 95 °C for 60 min.  Figure 4.11 (left) below gives the 

pure water flux of this radical polymerized membrane at different DVB compositions and Figure 

4.11 (right) is rejection ratio of 500 ppm 70 kDa dextran. The trade-off relationship between the 

flux and rejection is clearly seen; a high flux refers to a respectively loose network barrier layer 

structure, but correspondingly leads to a lower rejection ratio. DVB working as  a cross-linker, 

which a larger initial amount added led to smaller molecular cavities and a more condensed 

structure. The rejection performance of 70kDa dextran of over 90% means that membrane barrier 

layer consisting of 80 wt% DVB has more than 90% pores smaller than 12 nm, based on the 

Stokes-Einstein radius calculation in equation 4.3.  

 

Figure 4.11 pure water flux (left) and 70 kDa dextran rejection (right) of membrane with 

different DVB composition  
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4.3.5 Membrane chemical resistance and potential applications  

          The styrene and DVB copolymerization generated a very rigid molecular network, making 

the thin film top barrier layer dense and firm. After strong acid (HCl pH = 1) and strong base 

(NaOH pH = 14) treatments for 48 hours each, the membrane surface morphology did not 

change and the membrane retained the same water flux.  In addition, the membrane was also 

resistant to dewaxing solvent: toluene and methyl ethyl ketone (MEK) with 3 : 5 volume ratio for 

over 60 hours without membrane structural changes. Figure 4.12 is a SEM image of a membrane 

after immersion in a solvent mixture (Toluene: MEK = 3:5). It is seen both from the top view 

and cross-section image that no apparent difference was observable in comparison with the 

images before chemical treatment. 

 

Figure 4.12 A cross-section and (B) top view of membrane after immersion in solvent 

mixture (Toluene: MEK = 3:5)  

          Since the radical polymerized UF membrane has good resistance in MEK and toluene, one 

of the possible applications is to separate dewaxing oil from the dewaxed solvent (MEK and 

toluene)[26]. Similar systems prepared by grafting polystyrene onto polyacrylonitrile (PAN) UF 

membranes have been applied in dewaxing oil separations [27-29]. The styrene-grafted PAN UF 
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membranes are reported to have a polystyrene barrier layer with a maximum pore size of 24 nm, 

a water contact angle of 77º, dewaxed solvent (Toluene: MEK = 3:5) flux of 0.2 L∙m-2∙h-1 at 290 

psi, and a lube oil rejection of 90.2%.  Although our research was limited by the testing pressure 

(about 290 psi) and test equipment (Steel-made dead-end cell), the highly crosslinked polymer 

network structure with minimum pore size 12 nm and ultra-thin barrier layer (~200 nm) with a 

flat surface (roughness 17 ± 5 nm) could be a promising candidate for dewaxing filtration. 

4.4 Conclusions  

          In conclusion, a novel ultrafiltration membrane was fabricated by radical polymerization 

of styrene and DVB on the top of a cellulose-coated ultrafiltration composite membrane. The 

barrier layer polymerization network molecular cavity generates maximum pore size of 12 nm, 

with pure water flux of 47 ± 3 L∙m-2∙h-1. The membrane’s rigid crosslinked network is strongly 

resistant to wastewater at both acidic and basic conditions. It is able to filter particles larger than 

12 nm. In addition, the strong resistance to toluene and MEK make it a promising candidate for 

oil dewaxing filtration applications.  
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Chapter 5 Conclusions 

 

          Water scarcity and contamination are long term global issues. A variety of human health 

problems are caused by water pollution. Nanotechnology has been widely fabricated, studied, 

and applied in the water purification field for adsorption and separation both in academic 

research as well as in industry. Among these, polysaccharide-based nanofibrous materials stand 

out due to their nanoporous structure and tremendous potential effective sites. These can be 

further developed as both adsorbents and filtration media. 

         As presented in Chapter 2, cellulose nanofibers, produced by TEMPO oxidation method, 

have a uniform fiber size of 5 – 10 nm in width and a few hundred nanometers in length.  These 

ultra-fine nanofibers have many surface carboxylate groups which can graft to cysteine to be 

thiol-functionalized. The thiol-modified cellulose nanofibers’ adsorption efficiency of chromium 

and lead ions was tested as function of pH, contact time, and different initial concentration to 

generate maximum capacity. In addition, they were incorporated with an e-spun nanofibrous 

membrane to produce a MF filter candidate for heavy metal adsorption with high regeneration 

efficiency. 

          In Chapter 3, chitin nanofibers, generated from shrimp shells by a series of chemical and 

mechanical treatments, can produce fiber sizes ranging from 5 – 20 nm with abundant amine 

groups and can be well suspended in aqueous solutions. Chitin fibers were modified with thiols 

to remove arsenic ions from water by chelating effects, tested at different pHs and initial metal 

ion centration.  
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          In Chapter 4, a novel UF membrane was fabricated based on the recently established high 

flux 3-layer membrane structure containing PET as the bottom substrate, e-spun PAN as the 

middle supporting layer, and cellulose coating as the top layer.  Radical polymerization of 

styrene and DVB was carried out on the cellulose layer to generate a novel UF membrane with 

smaller pore size. The new barrier layer was created by changing various monomer compositions 

to achieve the optimum flux-rejection condition, producing a highly cross-linked membrane 

surface structure with 12 nm pore size. Future work of this project could be applying different 

chemicals (1,3,5-trivinylbenzene, 1,3-diisopropenylbenzene, divinyl sulfone, diviny ketone) for 

the crosslinking reaction to minimize and observe the corresponding membrane pore size in 

terms of wastewater pollutants filtration, such as dye wastewater titania (DWT) with dimension 

of 15 – 20 nm.  
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