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ABSTRACT 

 

2, 2, 6, 6-Tetramethylpiperidine-N-oxyl radical (TEMPO) is a stable nitroxyl radical, 

as well as a highly efficient selective oxidation catalyst. It can efficiently catalyze the 

selective oxidation of C6 primary hydroxyl groups of cellulose to carboxyl groups in 

water for the production of oxidized cellulose, which is widely used in a variety of high-

tech fields. However, the TEMPO-mediated oxidation system has two major 

disadvantages: difficulty in separating the catalyst from the aqueous reaction mixture; 

serious depolymerizaiton of cellulose. In this thesis, TEMPO was loaded onto a 

polymer carrier with a defined molecular structure to enable TEMPO recycling and 

reduce the degradation of cellulose. 

 

Firstly, an acrylamide-vinylamine copolymer PVAm-supported TEMPO catalyst 

(PVAm-T) was designed and developed for selective catalytic oxidation of cellulose. 

PVAm was prepared by using the Hoffmann degradation of polyacrylamide (PAM) 

method. The amine groups in the copolymer reacted with the carbonyl groups in 4-oxo-

TEMPO to form the catalyst PVAm-T. It was used as a catalyst, instead of free TEMPO, 

for selective catalytic oxidation of the C6 primary hydroxyl groups of cellulose in water.  

 

The study found that the catalyst has good catalytic performance and a low degree of 

degradation of cellulose. The carboxyl content of oxidized cellulose was equivalent to 

76% of the level of free TEMPO. Furthermore, the catalyst PVAm-T was easy to 
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recycle by dialysis and the recycling performance was excellent. Interestingly, it was 

found that PVAm-T could effectively reduce the degradation of oxidized cellulose.  

 

Secondly, G1.0 polyamidoamine (PAMAM) dendrimers was synthesized by repeated 

Michael addition method and ester aminolysis of ethylenediamine and methyl acrylate. 

Through reductive amination reaction of the primary amines in PAMAM and the 

carbonyl groups in 4-oxo-TEMPO, the water-soluble PAMAM immobilized TEMPO 

(G1.0 PAMAM-TEMPO) was successfully prepared. A polyethylene glycol 

monomemethyl ether (mPEG) modified PAMAM-TEMPO catalyst, called mPEG-

G1.0 PAMAM-Tx, was prepared by means of reaction of the aldehyde group in mPEG-

CHO and the amino group in PAMAM-TEMPO. mPEG-G1.0 PAMAM-Tx was used 

as a catalyst instead of free TEMPO for the selective catalytic oxidation of primary 

hydroxyl groups in cellulose to carboxyl groups with water as the reaction medium.  

 

The results showed that the cellulose catalytic performance of mPEG-G1.0 PAMAM-

T30 was equivalent to 84% of the level of free TEMPO and that the depolymerization 

of cellulose was also greatly reduced. Interestingly, the positive charge and suitable size 

of mPEG-G1.0 PAMAM-Tx effectively reduced the formation of C6 aldehydes and 

C2/C3 ketones. After extracting the supernatant of the oxidation mixture with 

dichloromethane, mPEG-G1.0 PAMAM-Tx was recovered and re-used for further 

oxidation cycles. No significant reduction in catalytic performance was found after four 

oxidation cycles.  
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Following this process, the applications of TEMPO oxidized cellulose (TOC) were 

studied. TOC has abundant carboxyl groups and so adsorbs heavy metal ions extremely 

well. However, TOC has a small particle size and abundant carboxyl groups and is 

easily dispersed in water, making separation difficult. To address this issue, PAMAM-

modified magnetic nanoparticle supported TEMPO catalysts, called Gn PAMAM-Tx-

MNP, were prepared and used to prepare the TOC. Gn PAMAM-Tx-MNP and TOC 

were crosslinked by glutaraldehyde to give a magnetic oxidized cellulose/nano-Fe3O4 

composite (TOC-Gn PAMAM-Tx-MNP). TOC-Gn PAMAM-Tx-MNP was applied as 

an adsorption material to adsorb Pb2+ in water. The adsorption capacity of TOC-Gn 

PAMAM-Tx-MNP was up to 109 mg/g, i.e. equivalent to that of TOC with the same 

carboxy content. Furthermore, it was easily recovered by magnetic separation and the 

cycling performance was good. 

 

4-nitrophenol (4-NP) is a highly toxic compound. Ag nanoparticles prepared with 

PAMAM as a template (PAMAM-Ag) can achieve the effect of uniform dispersion of 

Ag nanoparticles and can be used as a catalyst to rapidly transform 4-NP into 4-

aminophenol (4-AP). However, re-use is difficult. To address this issue, PAMAM-Ag 

was covalently attached to TOC by an aldehyde-amine reaction between TOC-

containing aldehyde groups and PAMAM-Ag containing amino groups. The TOC 

immobilized PAMAM-Ag (TOC-PAMAM-Ag) was used to catalyze the reaction of 

reducing 4-NP to 4-AP. It was found that the imine bonds contained in TOC-PAMAM-
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Ag were transformed into stable amine bonds in the catalytic reduction process, making 

TOC-PAMAM-Ag stable. The effect of the catalyst loading amount and carboxyl 

content was investigated and it was found that increasing the carboxyl content is 

beneficial in improving catalytic activity. The cyclic catalytic performance was stable, 

and the catalytic activity remained at a good level after several cycles. 
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CHAPTER 1 INTRODUCTION 

 

1.1  Background 

Biomass materials that come from plants or animals are renewable and can reduce 

environmental deterioration. Therefore, using biomass resources has received 

increasing attention since fossil fuels, oil and coal are found to be non-renewable [1-5]. 

 

 

Fig. 1.1 Molecular structure of cellulose 

 

Cellulose is an abundant biomass material that has been widely used in various fields, 

such as clothing, packaging, building materials, food, medicine, paper and cosmetics. 

Each monosaccharide unit in cellulose has one primary hydroxy group (C6-OH) and 

two secondary hydroxy groups (C2-OH and C3-OH), as shown in Fig. 1.1. These 

hydroxyl groups contribute to the high hydrophilicity of the cellulosic material. In 

addition, natural cellulose with a dense crystal structure tends to have a large number 

of intramolecular and intermolecular hydrogen bonds and hydrophobic interactions, 

which can form both the hydrophobic layer and the hydrophilic layer in cellulose 

molecules [6-11]. (See Fig. 1.2.) These structural features make cellulose insoluble in 

water and in common organic solvents. Therefore, unmodified cellulose can only meet 

a very few application requirements, which means that modifying the cellulose for 
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industrial applications is of great research significance. 

 

 

Fig. 1.2 Hydrophilic and hydrophobic planes of cellulose molecules marked with the 

primary C6-OH, and secondary C2-OH and C3-OH groups in a monosaccharide unit 

 

Direct oxidation of the hydroxyl groups provides an interesting route to introduce 

carbonyl and carboxyl groups into cellulose, and it has emerged as a promising method 

for cellulose modification. Oxidation of secondary hydroxyl groups (C2 and C3) can 

be achieved using various common oxidants, such as periodate [12, 13] and 

hypochlorite [14]. The oxidation of C6 primary hydroxyl groups is usually performed 

by 2, 2, 6, 6-tetramerylpiperidine-1-oxyl (TEMPO) [15].  

 

TEMPO mediated oxidation of polysaccharides was first reported in 1994 [16-19]. 

Since then, the selective oxidation of cellulose using TEMPO as the mediator has 

become a popular area of research. The C6 primary hydroxyl groups of cellulose are 

effectively converted into carboxyl groups by the TEMPO/NaBr/NaClO system to 
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produce the TEMPO oxidized cellulose (TOC) [16-21]. TOC has many advantages, 

including strong oxygen-barrier properties, high optical transparency and high 

dimensional thermal stability, and has been widely used in high-tech fields. As a key 

step in the preparation of TOC, TEMPO-mediated oxidation has the advantages of mild 

reaction conditions, a fast reaction rate and high oxidation selectivity [22-29]. 

 

1.2  Problem Statement 

The TEMPO-mediated oxidation system still has two major drawbacks. Firstly, 

TEMPO is an expensive and toxic reagent for aquatic life, and it can pollute water if it 

is discarded into the environment. Secondly, it leads to severe depolymerization of the 

cellulose backbone after oxidation, resulting in poor mechanical properties of oxidized 

cellulose [30-33].  

 

1.3  Research Aims 

To overcome the drawbacks of TEMPO mediated oxidation of cellulose, as described 

in this thesis, the TEMPO is loaded onto a polymer carrier with a defined molecular 

structure, in order to produce a catalyst containing TEMPO, which can be recycled to 

reduce the degradation of cellulose using the process described below. 

(1) Prepare nitroxide polymers with high degree of TEMPO loading as recoverable 

catalysts for cellulose oxidation. 

(2) Use the defined molecular structure of nitroxide polymers and a post-treatment 

process to alleviate cellulose degradation. 
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(3) Apply the prepared oxidized cellulose as the adsorption material for adsorbing the 

heavy metal ions in the water. 

(4) Prepare oxidized cellulose-loaded nano-silver particles for efficient reduction of 4-

nitrophenol. 

 

1.4  Dissertation Overview 

The dissertation consists of eight chapters. Most of the chapters are written in the form 

of scientific journal articles, as they have been prepared for publication or have been 

published as part of the academic results of this research.  

 

An overview of this thesis is provided below. 

 

Chapter 1 provides the background to the research, the problem statement, the research 

aims and the dissertation outline. 

 

Chapter 2 is the literature review, which reviews the modifications and applications of 

cellulose. 

 

Chapter 3 introduces the reagents, equipment and characterization methods used in this 

dissertation. 

 

Chapter 4 describes the development of a recoverable acrylamide-vinylamine 
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copolymer supported TEMPO catalyst called PVAm-T used for selective oxidation of 

cellulose. First, the copolymer of PVAm was obtained by Hofmann degradation of 

polyacrylamide. The carbonyl group of 4-oxo-TEMPO was reacted with the amine 

group of PVAm in a condensation reduction reaction to produce PVAm-T. The C6 

primary hydroxyl group of cellulose was selectively oxidized with PVAm-T. The 

carboxyl content of oxidized cellulose reached 76% of the carboxyl level of the TEMPO. 

This macromolecular catalyst was recovered by dialysis and had good recycling 

performance. In the oxidizing process, it can inhibit the formation of C6 aldehyde and 

C2/C3 ketone, and can alleviate the degradation of cellulose. 

 

Chapter 5 presents a water-soluble polyethylene glycol modified polyamidoamine 

(PAMAM) immobilized TEMPO catalyst (mPEG-Gn PAMAM-Tx) with different 

PAMAM generations and different degrees of TEMPO loading for use in oxidizing 

cellulose. PAMAM dendrimers of G1.0-G3.0 were synthesized by the repeated Michael 

addition and ester aminolysis of ethylenediamine and methyl acrylate. Using the 

reductive amination reaction of primary amines in the PAMAM and carbonyl groups 

in 4-oxo-TEMPO, the water-soluble PAMAM immobilized TEMPO (PAMAM-

TEMPO) was successfully prepared. mPEG-Gn PAMAM-Tx was prepared by means 

of the reaction of the aldehyde group in PEG-CHO and the amino group in PAMAM-

TEMPO. It was applied as the catalyst for oxidizing the C6 hydroxyl groups in cellulose 

to carboxyl groups. The results showed that its catalytic performance was equivalent to 

84% of that of the free TEMPO. After extracting the supernatant of the oxidation 
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mixture with dichloromethane (DCM), mPEG-Gn PAMAM-Tx was recovered and re-

used for further oxidation cycles. No significant reduction in catalytic performance was 

found after four oxidation cycles. Furthermore, the degradation of cellulose was largely 

alleviated. 

 

Chapter 6 describes the use of PAMAM modified magnetic nanoparticle supported 

TEMPO, called Gn PAMAM-Tx-MNP, for preparing oxidized cellulose. After 

oxidation, Gn PAMAM-Tx-MNP and oxidized cellulose were crosslinked by 

glutaraldehyde (GLA) to give the magnetic oxidized cellulose/nano-Fe3O4 composite 

(TOC-Gn PAMAM-Tx-MNP). TOC-Gn PAMAM-Tx-MNP is a recoverable 

adsorption material and this was applied to adsorb Pb2+ in water. Its adsorption capacity 

was up to 109 mg/g, equivalent to that of TOC with the same carboxy content. 

Furthermore, it was easily recovered by magnetic separation, and the cycling 

performance was good. 

 

Chapter 7 describes the preparation of the composite of TOC loaded nano-Ag for 

catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). Ag nanoparticles 

were prepared using PAMAM as a template, and PAMAM-Ag was then covalently 

attached to TOC by aldehyde-amine reaction between the TOC containing aldehyde 

groups and PAMAM-Ag containing amino groups. In the catalytic reduction of 4-NP 

to 4-AP, the unstable imine bond contained in TOC loaded nano-Ag was transformed 

into a more stable amine bond. It was found that TOC loaded nano-Ag had good 



 

7 

catalytic performance and can be re-used.  

 

Chapter 8 summarizes all the research contents provided in this dissertation. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1  Cellulose 

Cellulose is the most abundant natural polysaccharide on earth, and one of the most 

promising substitutes for petroleum-derived synthetic polymers. It has the advantages 

of biocompatibility, biodegradability, renewability and good mechanical strength. It 

comes mainly from wood, plants, algae and bacteria. Cellulose consists of linear β-1,4-

linked D-glucose units, and has abundant hydroxyl active groups that can form 

intermolecular and intramolecular bonds in polymer chains, making it difficult to 

dissolve in common solvents. Hence, cellulose is relatively stable and has high axial 

stiffness [1-3]. There are four main crystalline variants of cellulose: cellulose I, II, III 

and IV. The difference between cellulose I, II, III and IV is with the hydrogen bonding 

pattern in its crystal structure. The macromolecular chain of cellulose I has a parallel 

orientation, while other cellulose macromolecular chains have an anti-parallel 

orientation. Cellulose I have an excellent elastic modulus and mechanical properties [4-

7]. 

 

Cellulose is known to be almost insoluble in water and most organic solvents. To 

expand the scope of application of cellulose, it is necessary to treat cellulose, in terms 

of the following aspects: 1) Finding a suitable solvent to dissolve the cellulose evenly 

without damaging the cellulose structure. 2) Using cellulose derivatives instead of 

cellulose. 3) Introducing new active groups by oxidation of the hydroxyl groups on 
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cellulose or grafting monomer onto the cellulose. 

 

2.1.1  Cellulose dissolution 

Several solvents have been used for dissolving cellulose, including N-

methylmorpholine-N-oxide (NMMO) [8-10], LiCl/N-dimethylacetamide (LiCl/DMAc) 

[11, 12], metal-complex solutions [13, 14], ionic liquids (ILs) [15-18], tetra butyl 

ammonium fluoride/dimethyl sulfoxide (TBAF/DMSO) [19-22], inorganic molten 

inorganic salt hydrates [23-28], organic-base solutions [29] and alkali/urea solutions 

[30-32]. 

 

Table 2.1 Solvents commonly used for dissolving cellulose 

Solvent Solubility 

wt.% 

Dissolving process Characteristics 

NMMO 4-17 The active N-O dipoles and the oxygen 

groups of NMMO can form hydrogen 

bonds with cellulose, leading to disruption 

of the cellulose’s intermolecular hydrogen 

bonds, and eventually establishing a strong 

complex by forming new hydrogen bonds. 

Thermal 

instability;  

Side reactions;  

High 

temperature; 

Uncontrolled 

fibrillation of 

NMMO. 

LiCl/DMAc 3-16 The protonated -OH of cellulose forms 

strong hydrogen bonds with Cl- and Li+. 

The intermolecular hydrogen-bonding 

networks of cellulose can be broken when 

the Li+-Cl- ion pairs split. 

Thermal 

stability; 

High cost; 

Difficult to 

recycle. 

Metal-complex 4-12 Copper (II) hydroxide is precipitated from a 

copper sulfate solution by using either 

ammonia or sodium hydroxide. Cu2+ and 

Side reactions; 

Difficult to 

recycle. 
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Solvent Solubility 

wt.% 

Dissolving process Characteristics 

(C6H8O5)n
2- ions can form a complex to 

dissolve cellulose. 

ILs 4-25 The positively-charged or negatively-

charged groups on the cellulose chains 

interact with the oxygen or hydrogen atoms 

on the hydroxyl group of cellulose to break 

the hydrogen bonds. The negative ions of 

ILs attach to the hydroxyl group of 

cellulose to form a negatively-charged 

complex. A cation is inserted between the 

molecular bundles to separate the cellulose 

molecules. 

High thermal 

stability; 

Chemical 

stability; 

High solubility;  

Corrodes the 

machine; 

Solvent-

recycling 

efficiency is 

low. 

TBAF/DMSO 10-20 There is a strong ion-dipole interaction 

between fluoride ions from TBAF and the 

hydroxyl groups of cellulose. The highly 

electronegative fluoride ions form hydrogen 

bonds with the cellulose hydroxyl groups to 

deconstruct the hydrogen bond network of 

cellulose. 

Mild conditions; 

Dissolves 

quickly. 

Inorganic 

molten salt 

hydrates 

2-11 Dissolution of cellulose depends on direct 

interaction of the cellulose hydroxyl groups 

with the metal ions. The intermolecular and 

intramolecular hydrogen bonds of cellulose 

are broken due to the addition of the 

inorganic salt. Coordination bonds are 

formed between the metal ion and the 

oxygen of the hydroxyl groups of cellulose.  

Inexpensive; 

Easier to 

prepare; 

Environmentally 

friendly. 

Organic base 9-13.5 The preferable wrapping interaction 

between cations and the cellulose glucose 

ring prevents aggregation among the 

cellulose chains. The anion forms new 

hydrogen bonds with the hydroxyl groups 

of cellulose. The hydrophobic cation of the 

Easily recycled 

and re-used; 

Synthesis is 

relatively 

complicated and 

high-cost. 
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Solvent Solubility 

wt.% 

Dissolving process Characteristics 

organic base accumulates at the cellulose 

interface and decreases the surface tension, 

leading to the dissolution of the cellulose. 

Alkali/urea 

solutions 

4-11 NaOH forms new hydrogen bonds with the 

cellulose at low temperatures. Urea hydrate 

is encapsulated by hydrogen bond between 

NaOH and cellulose, forming inclusion 

complexs with tubular structure. Weak 

interactions between the urea and the 

cellulose can weaken the effect of the 

hydrophobic interactions among the 

cellulose molecules, resulting in the 

dissolution of cellulose. 

Non-toxicity; 

Low cost; 

Low energy 

consumption. 

 

2.1.2  Cellulose derivatives 

The commonly used cellulose derivatives are hydroxypropyl methylcellulose (HPMC), 

hydroxyethyl cellulose (HEC), carboxymethyl cellulose (CMC) and hydroxypropyl 

cellulose (HPC) (See Table 2.2). 

 

2.1.2.1  Hydroxypropyl methylcellulose  

HPMC is a cellulose derivative widely used in controlled release applications because 

of its thickening, gelling and swelling properties. In addition, it has the advantages of 

non-toxic properties, easy compression, swelling properties and can accommodate high 

drug levels [42, 43]. HPMC is mainly used to make hydrogels for medical use, such as 

stents, film and membranes. Larsson et al. studied the addition of HPMC as a pore-

forming agent in micro fibrillated cellulose film and the adjustment of film permeability 
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[44]. Zeeshan et al. applied HPMC to scaffold engineering by crosslinking chitosan 

[36]. Seyedlar et al. also used HPMC as a composite hydrogel for scaffold engineering 

[37]. 

 

2.1.2.2  Hydroxyethyl cellulose  

HEC with good hydrophilicity, good biocompatibility and good degradability, is a 

water-soluble cellulose ether. The abundance of active OH groups in the HEC chain 

makes it easy to modify so as to obtain new materials with improved properties [38, 40, 

41]. Because of its biocompatibility and non-immunogenicity, HEC is often used as a 

stabilizer or thickener in pharmaceutical and cosmetic products [39]. 

 

2.1.2.3  Carboxymethyl cellulose  

CMC is a water-soluble cellulose derivative that has been widely used in the 

biopolymer industry. It is produced in a non-aqueous monochloroacetic acid/soda 

solvent medium by carboxymethyl partial substitution of 2, 3 and 6 hydroxyl groups on 

the main chain of cellulose [42]. It has biocompatibility, biodegradability, excellent 

absorption/adsorption, high swelling capacity and good optical properties. The 

hydrogel prepared when using it can be used for enzyme fixation, wound healing and 

as an adsorption material [43-45]. 

 

2.1.2.4  Hydroxypropyl cellulose  

HPC is derived through the reaction of alkali cellulose with propylene oxide. Propylene 
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oxide acts as a substitute through ether bonds of three reactive hydroxyl groups on the 

cellulose monomer [46]. Due to its viscosity, HPC is commonly used as a thickener, 

emulsion and adhesive in solid medicine [47]. It can also be used to prepare hydrogels 

for medical and pharmaceutical applications.  

 

Table 2.2 Comparison of cellulose and its derivatives 

Compound Monomer Synthesis Structure 

Cellulose --- Obtained from plants 

 

HPMC 
 

 
 

HEC 
 

  

CMC 
 

  

HPC 

 
  

 

2.1.3  Direct chemical modification 

Direct chemical modification means that functional groups are attached to the hydroxyl 

groups of the cellulose backbone by a variety of chemical methods, such as alkaline 

treatment, silynation, etherification, halogenation, esterification and oxidation [48, 49]. 

Chemical modification of cellulose can introduce new active groups to solve the 

problem of unstable cellulose [50].  
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2.1.3.1  Alkaline treatment 

Cellulose is difficult to modify and apply without any chemical treatment due to its 

strong rigidity and hydrogen bond structure. Alkaline treatment results in changes in 

cellulose surface area, average pore volume and pore size. Sodium hydroxide is a 

reagent commonly used for saponification. It converts ester groups to carboxylate salts 

and alcohols. Chemical treatments with alkaline solutions at different concentrations 

were used to isolate cellulose from soybean [51-53], potato tuber cells [54] and hemp 

fiber [55]. These treatments led to partial separation of the cellulose from the cell wall. 

 

2.1.3.2  Silynation 

The interaction between silane coupling agents and cellulose is well known [56], and 

silane surface modification is a popular cellulose modification method. The silane 

coupling agent that goes through the hydrolysis, condensation and bonding stages can 

improve the degree of cross-linking in the interface area. The silane reacts with the 

hydroxyl group of cellulose to form a polysiloxane structure, which is hydrolyzed to 

silanol, and then reacts with the hydroxyl group of the cellulose to form a stable 

covalent bond. Functionalized silanes have been widely investigated and used. Studies 

have found that cellulose materials crosslinked with silane are effective adsorbents for 

removing metals in aqueous solution due to the presence of amino groups on amino 

silane and hydroxyl on cellulose. Hokkanen et al. found that the aminopropyl 

triethoxysilane modified cellulose adsorbent is very effective in removing Ni(II), Cu(II) 
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and Cd(II) from water [57]. 

 

2.1.3.3  Etherification 

The C2, C3 and C6-OH groups of monosaccharide units of cellulose can be partly 

replaced by other groups through etherification, in order to synthesize cellulose ether. 

Cellulose reacts with ethylene oxide or other epoxy compounds to form cellulose ethers 

[58]. A typical hydroxypropyl reaction takes place: cellulose reacts with 

epichlorohydrin to produce reactive epoxides, and is further functionalized with 

polyethylene imine as a chelating agent [59]. A cyano group can be introduced to the 

cellulose structure by etherification of acrylonitrile and cellulose [60]. The cyano group 

of cellulose can be further amidoximated by reacting with hydroxylamine to produce 

an adsorption material [61]. 

 

2.1.3.4  Halogenation 

Several chemical reagents are used as precursors for transferring halogen elements to 

the cellulose polymer chain [62]. Zhou et al. studied a method to fix glucose and 

trimethylammonium chloride on the surface of cellulose [63]. 

 

2.1.3.5  Esterification 

Cellulose ester is a derivative of cellulose, which is formed by replacing a free hydroxyl 

group of cellulose with one or more acids. HCl, Na2CO3 and Na2HPO4 are all used to 

treat cellulose [64]. Cellulose acetate is a semi-synthetic polymer synthesized by 
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esterification of cellulose with acetic acid. This material is widely used in commercial 

applications, including film, fibers, plastic and coatings [65]. The treatment of cellulose 

by cyclic anhydride is a widely studied method for adding carboxyl groups to the 

surface of cellulose. Citrate and maleic anhydrides are also used in esterification 

reactions [66]. 

 

2.1.3.6  Oxidation 

Cellulose is very sensitive to various oxidants because of its polyol structure. The 

extensive changes that occur in the oxidation process means that the physical and 

chemical properties of the product depend largely on a variety of factors, such as the 

oxidant used, the pH of the oxidizing medium and so on. The chemical structure of 

cellulose is changed by oxidation of the hydroxyl group to the corresponding carbonyl 

or carboxyl. A wide range of potential cellulose oxidants can be classified as non-

selective oxidants and selective oxidants, such as periodates and nitroxyl radicals. 

 

(1) Periodates 

Periodate is a special oxidant capable of oxidizing the hydroxyl groups on adjacent 

carbon atoms (C2 and C3) in the glucose unit of cellulose to form two aldehyde groups. 

At the same time, the C-C bond between C2 and C3 is broken. The efficiency of iodate 

oxidation can be improved by using metal chloride which can break the intermolecular 

hydrogen bonds in the cellulose molecules [67]. The reaction time plays a crucial role 

in reaction efficiency. Increasing the reaction time can increase the number of aldehyde 
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groups formed. [68]. 

 

(2) Non-persistent nitroxyl radicals 

Some non-persistent free radicals, such as N-hydroxyphthalimide (NHPI), N-

hydroxybenzotriazole (HBT), violuric acid (VA), and N-hydroxy-3, 4, 5, 6-

tetraphenylphthalimide (NHTPPI), have shown high oxidation efficiency of cellulose 

in the presence of dilute solutions of NaClO and NaBr at pH 10 at room temperature 

[69-72]. The reaction mechanism is the parent hydroxyl precursor being activated and 

transformed into the corresponding radical compound. In the presence of NaClO and 

NaBr, these nitroxyl radicals are oxidized to N-oxammonium ions, at which point the 

primary hydroxyl group of cellulose is converted to the carboxyl group in the aldehyde 

stage. This process appears to be selective, and the morphology of the oxidized 

cellulose does not appear to change. 

 

(3) Stable nitroxyl radicals 

Nooy et al. first applied TEMPO-mediated oxidation to water-soluble polysaccharides 

(such as potato starch, starch dextrin and pullulan), in which NaClO was the main 

oxidant, with co-catalyst NaBr and catalyst TEMPO at pH 10-11. The C6 primary 

hydroxyl groups of polysaccharides were selectively oxidized to carboxyl groups, and 

the corresponding polysaccharide aldehyde acid was quantitatively obtained [73, 74]. 

Chang and Robyt applied TEMPO-mediated oxidation to water-soluble natural 

polysaccharides, water-soluble polysaccharide derivatives and water-insoluble natural 
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polysaccharides such as cellulose and chitin [75]. Isogai's group has published a series 

of papers that systematically explore the many details of TEMPO-oxidized cellulose. 

The effects of TEMPO dosage, oxidation time and temperature on carboxyl content and 

the degree of polymerization of cellulose were investigated. The comparison of 

TEMPO/NaBr/NaOCl and TEMPO/NaOCl/NaO2Cl on cellulose oxidation at different 

pH value was also explored [76-80]. 

 

TEMPO-oxidation can efficiently transform cellulose with high reaction speed, high 

yield, good selectivity and mild reaction conditions. This method is highly selective, 

and the primary hydroxyl group is completely oxidized, while the secondary hydroxyl 

group is unaffected. TEMPO reacts in situ with the oxidant, resulting in the formation 

of the nitrosonium ion, which is then converted to N-hydroxy-2, 2, 6, 6-

tetramethylpiperidine. In this process, the primary hydroxyl of cellulose is oxidized to 

a carboxyl group. The formation of 1 mole of carboxylic acid requires the consumption 

of 2 moles of nitrosonium ion. The optimal pH value of the reaction mixture (about 

10.5) was maintained by adding an alkali to neutralize the carboxylic acid. Therefore, 

the consumption of sodium hydroxide can be used as a measure of the degree of 

transformation from OH groups to carboxyl groups [81].  

 

When the pH was 10, the C6 hydroxyl group of cellulose was effectively converted to 

a sodium carboxylate group, thus preserving its original fiber morphology, crystallinity 

and crystal size. TEMPO, reaction time and temperature were found to be the key 
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factors that control cellulose depolymerization. In TEMPO-mediated oxidation, the 

depolymerization of cellulose is attributed to the presence of sodium hypochlorite in 

the system, which leads to a rupture of glucose unit C2-C3 and the formation of 

dialdehyde and dicarboxylic groups. In order to solve the depolymerization issue, some 

research has been done on the TEMPO/NaBr/NaOCl system. The results show that the 

TEMPO/NaOCl/NaClO2 system under weakly acidic (pH=3.5-6.8) catalytic oxidation 

[82-85], electro-TEMPO-mediated oxidation of cellulose [86, 87], TEMPO/laccase/O2 

in water under neutral conditions [88, 89] and TEMPO/Na2SO4/NaClO at pH 10 [90] 

can obtain oxidized cellulose with a high degree of polymerization (DP). 

 

Both stable and non-persistent nitroxyl radicals used as mediators require large amounts 

of sodium bromide (10-30%) to restart the catalytic cycle. However, from both an 

industrial and an environmental perspective, a process that does not include the use of 

sodium bromide would be a better option than the current process. 

 

2.1.4  Grafting modification 

Grafting of polymer to cellulose is an important means of modification of cellulose. 

Various specific groups can be connected to the main chain of cellulose by grafting the 

polymerization of different monomers, so that the grafted cellulose has targeted 

properties to meet the requirements of special applications. The active site of the 

reaction can be free radicals or chemical groups, and suitable polymers are grafted onto 

cellulose to form the grafted cellulose. The commonly used grafting methods are 
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chemical-initiation grafting, photografting, and high energy radiation grafting. 

 

2.1.4.1  Chemical initiation grafting 

Chemically-initiated grafting can be accomplished by radical or ionic polymerization. 

The initiator is very important because it determines the path of grafting in the chemical 

process [91]. Ammonium cerium nitrate (CAN), persulfates and azodiisobutyronitrile 

(AIBN) are mainly used as initiators in radical polymerization [92-94]. In ionic 

polymerization, a Lewis base liquid such as alkyl aluminum is usually used as the 

reactant. Grafting in melting and atom transfer free radical polymerization (ATRP) are 

promising grafting technologies.  

 

2.1.4.2  Photografting  

Photografting initiation is an effective method to introduce various vinyl monomers 

into cellulose materials. The energy of UV-light is absorbed by sensitizer, monomer, 

polymer or the electron band structure of excited cellulose molecule. The chromophore 

absorption of macromolecules is weak, and the excited molecular intermediates can be 

cleaved into active radicals to initiate the grafting reaction. If the absorption of light 

does not lead to free radical site formation through bond breaking, this process can be 

facilitated by the addition of photosensitizers [95].  

 

Photografting cellulose materials has been widely studied due to the advantages of easy 

availability of UV-light sources, selective reaction and low light energy requirements. 
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Acrylonitrile was grafted onto the surface of cellulose by light grafting. Subsequently, 

the cyanide group reacted with hydroxylamine by the reaction amidoxime. 

Acrylonitrile photografted cellulose has been used for the removal of Cu(II) ions from 

an aqueous solution [96]. 

 

2.1.4.3  High energy radiation grafting 

Radiation-induced grafting provides a unique advantage for the preparation of 

functional copolymers due to the simplicity and flexibility of reactions initiated by 

commercial ionizing radiation sources. Unlike photo priming and plasma priming, this 

technique can modify the surface of the main chain in stages [97]. There are two main 

methods of radiation-induced grafting: (1) simultaneous irradiation (direct or mutual 

irradiation) and (2) pre-irradiation. With the first method, the cellulose is immersed in 

pure monomer or a monomer solution and irradiated. The homopolymerization that 

may be initiated can be suppressed by applying a low radiation dose or adding inhibitors 

to grafting solutions [98]. With the pre-irradiation method, the cellulose is irradiated in 

a vacuum or inert medium to produce free radicals, and then brought into contact with 

the monomer under controlled conditions so as to initiate the grafting reaction. 

Cellulose modified by radiation-induced grafting can improve its flame retardant 

properties and its water resistance, wear resistance and corrosion resistance. 

 

2.2  Immobilized TEMPO catalysts for cellulose oxidation 

TEMPO mediated oxidation of cellulose is one of the effective ways to functionalize 
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cellulose by selective oxidation of C6 primary hydroxyl to aldehyde or carboxyl groups. 

In addition, this method has attracted extensive attention in the field of nano-cellulose 

preparation [99]. However, TEMPO is a toxic chemical to aquatic life and it cannot be 

released into waste effluent after oxidation, as it can accumulate in the environment. 

This issue creates a need to recycle TEMPO, and requires that the process is a 

sustainable technology. So, the re-use of TEMPO is critical to develop a green and cost-

effective process for the preparation of oxidized cellulose.  

 

The immobilization of free TEMPO onto organic and inorganic supports provides a 

potential method for easily recycling the catalyst. The immobilized TEMPO catalysts 

have been applied to selective oxidation of various low-molecular weight substances, 

such as benzyl alcohol and monosaccharides, and have shown excellent catalytic 

properties and good recycling performance. So far, only a few successful cases have 

been reported for cellulose oxidation using immobilized TEMPO as the catalyst.  

 

By grafting 4-carboxyl-TEMPO to polyvinylamine (PVAm), Pelton et al. prepared a 

water-soluble PVAm-supported TEMPO (PVAm-TEMPO) to oxidize the C6 hydroxyl 

of cellulose to aldehyde groups. After oxidation, PVAm-TEMPO was grafted to the 

cellulose surface as a primer layer to promote wet cellulose-to-cellulose adhesion [100]. 

They also immobilized TEMPO on polyacrylic acid (PAA) by acylation between amino 

groups of 4-NH2-TEMPO and carboxyl groups of PAA to produce another water-

soluble nitroxide polymer of PAA-TEMPO. Unlike with PVAm-TEMPO, it was 
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necessary to adsorb a layer of PVAm on the surface of cellulose to make the PAA-

TEMPO play a catalytic oxidation role. They aimed to graft PVAm onto the cellulose 

surface, and TEMPO recovery was not considered. However, these studies serve as 

useful references for future research on selective oxidation of cellulose with water-

soluble polymers immobilized TEMPO as a catalyst. 

 

Araki J. and Iida M. rafted 4-OH-TEMPO to polyethylene glycol 2000 (mPEG2000) to 

prepare a water-soluble catalyst of mPEG2000-TEMPO for selective catalytic 

oxidation of the C6 primary hydroxyl group of the cellulose [101]. mPEG2000-TEMPO 

was recovered by extraction using DCM and re-used for further oxidation cycles. The 

degree of oxidation of cellulose using mPEG2000-TEMPO as the catalyst was much 

lower than that of free TEMPO, especially when it was re-used [101]. 

 

Patankar S. and Renneckar S. prepared a magnetically separable TEMPO nano catalyst 

to oxidize cellulose pulp in water [102]. The catalyst was easily separated from the 

reaction mixture for re-use using an external magnet. The reaction rate with this 

heterogeneous solid catalyst was equivalent to about 50% of that of free TEMPO at 

65 ℃. By increasing the reaction temperature and prolonging the reaction time, the 

degree of oxidation could meet the requirements for producing nanocellulose [102]. 

 

Recently, we synthesized a nitroxide block copolymer of poly (ethylene glycol)-b-

poly(2, 2, 6, 6-tetramethylpiperidinyloxy-4-yl-methacrylate) (PEG-PTMA) using 
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activators regenerated by electron transfer atom transfer radical polymerization 

(ARGET ATRP) [103]. The catalytic oxidation performance of cellulose using this 

block copolymer in the water/acetonitrile medium were studied. The carboxyl content 

of oxidized cellulose obtained in the PEG-PTMA mediated oxidation reached 1.07 

mmol/g - equivalent to 73.2% of the value for the oxidized cellulose with free TEMPO 

oxidation (1.46 mmol/g). Furthermore, the block copolymer was easy to recycle, and 

the activity did not decrease after four cycles. However, the catalytic activity decreased 

noticeably when water was used as the reaction medium. The reason may be that both 

the nitroxide radical copolymers and cellulose were water-insoluble polymers, and the 

contact between them was greatly restrained due to a high level of steric hindrance. 

 

2.3  Applications of TOC  

The TEMPO mediated oxidation of cellulose in a mild aqueous environment is a more 

environmentally friendly method for producing TOC. The resulting TOC demonstrates 

good crystallinity, a high aspect ratio, high zeta potential in an aqueous solution, high 

elastic modulus and high tensile strength. These characteristics result in TOC widely 

used in adsorbents, water purification membranes, energy storage and conversion 

materials, intelligent materials and other products (Table 2.3). 
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Table 2.3 The list of possible applications of modified cellulose reported in the literature 

Applications fields Schematic diagram References 

Adsorption 

Organic pollutants 

 

[107-110] 

Heavy metals [111-114] 

Energy and electronic devices 

Lithium-ion batteries 

 

[115-121] 

Proton exchange membranes 

 

[122-125] 

Supercapacitors 

 

[126-128] 

Water purification membranes 

Microfiltration (MF) 

 

[129-135] 

Ultrafiltration (UF) 

Nanofiltration (NF) 

Reverse osmosis (RO) 

Forward osmosis (FO) 

Smart materials 

Thermal response membranes 

 

[136-140] 

pH response membranes 

Alcohol sensing devices 

Magnetic hydrogels 

Other applications 

Insulation materials 

[141-146] 

Vapor resistance membranes 
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Applications fields Schematic diagram References 

Catalytic membranes 

 

Conductive membranes 

Electronics 

Food packaging 

 

2.3.1  Adsorption and removal of organic pollutants and heavy metals  

Removing toxic and non-biodegradable heavy metals from wastewater is a challenging. 

In this regard, adsorption removal is one of the most effective and efficient processes. 

Common adsorbents such as activated carbon and molecular sieve, adsorption 

performance is good, but the price is expensive; Therefore, the use of environmentally 

friendly materials from natural resources has attracted attention. Cellulose is a 

promising resource because of its renewability. 

 

In recent years, the application of TOC in the removal of organic compounds and heavy 

metals from water by electrostatic action has been widely studied. The Abundant 

carboxyl functional groups in TOC can adsorb cationic substances from aqueous 

solution. TOC has been reported to adsorb effectively diverse organic pollutants and 

heavy-metal cations, such as Ni(II), Cr(VI), Ag(I), Pb(II), Cu(II), Cd(II) and Co(II) 

[104-106]. 

 

2.3.1.1  Adsorption of organic pollutants  

Several persistent organic pollutants are found in waterways, including oil, dye, 
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pharmaceutical products and pesticides. How to remove it has attracted extensive 

attention. 

 

Recently, TOC-based adsorbents have been synthesized, and their capacity for 

adsorbing dye investigated. Batmaz R. et al. studied the capacity of TOC for adsorbing 

methylene blue (positively charged dye) [107]. The TOC adsorption capacity for 

methylene blue was improved to 769 mg/g approximately 6.5 times. Chen et al. 

synthesized high-intensity ultrasonicated TOC aerogel [108]. The aerogel demonstrated 

good adsorption of methylene blue and toluidine blue, due to their good ductility, 

flexibility and outstanding water uptake properties.  

 

Hussain et al. prepared a graphene oxide (GO)/TOC monolith for adsorption of 

methylene blue. The adsorption capacity of the methylene blue was much higher than 

that of the reported GO-based adsorbents [109]. Melone et al. prepared adsorbent 

sponges for water remediation using TOC as a 3D scaffold and branched PEI as the 

crosslinking agent [110]. The p-nitrophenol adsorption capacity of the bPEI-TOC 

sponge was higher than that of microporous activated carbon, hyper-crosslinked 

magnetic polymer and nano-GO. 

 

Organic pollutants are toxic water pollutant, which can be effectively removed by 

adsorption. TOC-based adsorbents have good adsorption capacity for organic pollutants 

and can be recycled by simple acid washing. 
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2.3.1.2  Adsorption of heavy metals  

Copper is the most common metal ion pollutant in industrial wastewater. Liu et al. 

reported that TOC had a good adsorption effect on Cu(II) due to the presence of 

carboxylic acid groups on the surface, and the adsorption capacity was 75 mg/g, much 

higher than many other types of adsorption materials [111]. 

 

TOC was also used to remove various other metal ions from aqueous solutions. Isobe 

et al. prepared TEMPO-oxidized cellulose hydrogel. It has good adsorption capacity 

for Cu(II), and the maximum adsorption capacity is 268.2 mg/g. In addition, TOC gel 

also has high adsorption capacity for other harmful metal ions [112]. 

 

Yang et al. prepared TOC and polyacrylonitrile (PAN) nanofiber membranes [113]. 

The membrane showed good adsorption capacity for Cr(VI) and Pb(II) due to the large 

specific surface areas and high concentration of sulfhydryl group. Isogai et al. used 

TOC to remove multiple metal ions [114]. 

 

In conclusion, the removal of metal ions in aqueous solution by adsorbent materials is 

mainly driven by electrostatic interaction and the complexation between TOC and metal 

ions. TOC-based adsorbents have good adsorption capacity for organic pollutants and 

metal ions. 
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2.3.2  Energy and electronic devices 

2.3.2.1  Lithium-ion batteries  

Owing to the excellent energy density, rapid charging, high operating voltage, low self-

discharge rate and high service life, lithium-ion batteries (LIBs) have become an 

important element in energy-storage systems. Polyethylene (PE) and polypropylene (PP) 

based membranes have been widely used as separators in LIBs. However, low porosity 

and poor electrolyte wettability affect electrolyte storage capacity and limit ionic 

conductivity and LIB performance. Additionally, PP and PE membranes have low 

thermal stability, resulting in rapid thermal shrinkage and safety problems. Therefore, 

it is necessary to develop new separators with excellent electrolyte wettability and high 

heat resistance for LIBs [115-117]. Cellulose has been widely studied as a separation 

material in LIBs due to its excellent good thermal stability electrolyte wettability, and 

good mechanical properties. Several reports have reported the use of TOC for 

electrochemical devices such as Li/Na-ion batteries. 

 

TOC has good mechanical properties as a binder for flexible LIBs. Lu et al. prepared 

flexible LIBs electrode with TOC as a binder [118]. Huang et al. successfully prepared 

bacterial TOC membranes with rich porosity and good affinity for lithium electrode 

and liquid electrolyte, and used them as separation membranes for LIBs batteries [119]. 

 

LIBs already dominate the market of power supplies for portable electronic devices. 

However, lithium is expensive and environmentally unfriendly to extract, which limits 
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the further development of energy-storage devices. Sodium-ion batteries (NIBs) have 

attracted much attention due to the abundance and cheap of sodium salts recently [120]. 

Shen et al. prepared NIB anodes using TOC. The anode showed good cycling stability, 

which indicates the potential of TOC in the development of cheap NIBs [121]. 

 

2.3.2.2  Proton exchange membranes (PEM) 

PEM fuel cells are widely used in fuel generation.  An important component of a PEM 

fuel cell is two electrodes separated by a PEM. Nafion is a sulfonated 

tetrafluoroethylene fluoropolymer widely used in PEM fuel cells as a membrane 

material with excellent chemical and mechanical stability. However, Nafion is 

expensive and exhibits low proton conductivity, high gas permeability and low thermal 

stability due to high temperature dehydration [122, 123]. 

 

Jankowska et al. studied different types of cellulose used in PEM. TOC has the best 

conductivity compared to other materials. This may be related to carboxyl groups on 

TOC surface, which are effective proton receptors and donors [124]. Guccini et al. used 

TOC membrane as the power source of fuel cell, showing high proton conductivity 

[125]. 

 

In conclusion, TOC membranes have shown great potential for the construction of a 

new generation of PEM fuel cells due to their excellent environmental performance. 
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2.3.2.3  Supercapacitors 

Flexible supercapacitors are very competitive energy-storage devices and have been 

widely used in wearable electronic products. However, the development of flexible 

supercapacitors with low cost and high performance using sustainable materials 

remains a challenge. Thin and high-performance flexible electrodes can be obtained by 

selecting TOC aerogel with high porosity and electrolyte absorption [126, 127]. 

 

Zhou et al. prepared conductive MOF (c-MOF) nanolayers on TOC by interface 

synthesis of TOC as supports for the growth of c-MOF nanolayers. The TOC/c-MOF 

hybrid nanofibers can be assembled into suspended nanoparticles easily, showing 

excellent electrical conductivity, layered micro-meso-porosity and excellent 

mechanical properties [128]. 

 

2.3.3  Water purification 

Membrane separation technology includes microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF), reverse osmosis (RO) and forward osmosis (FO) based on 

membrane aperture. It is an important commercial water treatment option because of 

its efficiency, low cost and ease of operation [129]. Polymer membrane is widely used 

because of its low cost and good processing performance. TOC has also been shown to 

an excellent raw material because of its special chemical and mechanical properties and 

the ability to form different structures that exhibit good filtration propertiese [130-132]. 
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Ma et al. prepared a TOC MF membrane with high negative charge on the membrane 

surface that exhibited good rejection of bacteria, and thus showed good adsorption 

ability for a positively charged dye (crystal violet), which was 16 times higher than the 

commercial MF film [133]. 

 

Ma et al. used TOC to fix the top barrier layer of the novel UF membrane on a PAN/PET 

substrate with a maximum aperture of about 55 nm. Transmittance of the TOC-based 

UF membrane was five times greater than the control membrane. In the oil-water 

emulsion UF test, the water permeance of the TOC-based UF membrane was about 

eight times greater than the control membrane [134]. 

 

Thin-film composite (TFC) membranes are commonly used in NF, RO and FO. The 

TFC membranes show high salt rejection and good water flux that far exceeds that of 

first-generation RO membranes. They are composed of a dense polyamide surface and 

substrate layer. TFC membranes have been widely used in seawater desalination due to 

their excellent filtration performance and wide pH range of applications (pH=2-11) 

[135]. 

 

In summary, compared with traditional membranes, using TOC as a membrane material 

can significantly improve membrane flux. TOC is very hydrophilic and can form water 

channels in the matrix when used as a dielectric layer for composite membranes. Due 

to its excellent performance, TOC has broad application prospects in terms of water 



 

38 

treatment as a high-flux membrane. 

 

2.3.4  Smart materials 

Smart responsive materials can reversibly self-adjust their form or chemical structure 

in response to chemical or physical signals or stimuli, resulting in reversible changes in 

many properties, such as permeability, wettability, ductility and surface activity. Smart 

responsive materials that use TOC with non-toxic, stable, functional surfaces are 

attracting increasing interest in smart materials applications. In recent years, TOC has 

been applied to smart materials due to its low cost, reproducibility and biocompatibility, 

including thermal response membranes, pH response membranes, alcohol sensing 

devices and magnetic hydrogels [136]. 

 

Hakalahti et al. used PNIPAM to modify TOC membranes and developed a novel 

thermal response membrane [137]. The water permeability of the membrane varies with 

temperature. In aqueous solution, PNIPAM changed from a hydrophilic state to a 

hydrophobic state above the LCST (32 ℃) [137]. 

 

TOC with pH-responsive properties exhibits interesting properties for biomedical and 

food safety applications. Way et al. prepared a pH-responsive material, which exhibited 

good pH-responsive wettability with a rapid wettability change from hydrophilic to 

hydrophobic when the pH changed from acidic to alkaline conditions [138]. 
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Sensor devices convert changes in the physical environment into readable signals. Xu 

et al. assembled an alcohol sensing device containing a membrane sensor composed of 

bacterial TOC, which showed high ethanol selectivity by intelligently distinguishing 

ethanol from water [139]. 

 

Due to the weak mechanical strength of traditional magnetic hydrogels, their 

applications are severely limited. Wang et al. prepared self-recovery magnetic 

hydrogels with outstanding mechanical properties and good magnetic properties, by 

dispersing Fe3O4 nanoparticles uniformly in polyacrylamide (PAM) hydrogel with the 

help of TOC. Due to the network structure and chemical reactions between hydrogels, 

the tensile strength is increased from 150 kPa to 780 kPa [140]. 

 

2.3.5  Other applications 

In addition to the water purification membranes, energy applications and smart 

materials discussed above, materials based on TOC have been explored in many other 

areas, such as insulation materials, vapor resistance membranes, catalytic membranes 

and conductive membranes and in the field of electronics and food packaging [141-

146]. 

 

2.4  Conclusion 

Cellulose material has become a promising green material because of its unique 

structure, good mechanical properties, sustainability and richness. Cellulose can be 
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functionalized with carboxyl groups. Free TEMPO was supported on organic and 

inorganic carriers to realize the recycling of catalyst.  

 

Recent advances with TOC in environmental remediation, energy, smart materials and 

other fields were discussed. Although functionalized TOC often displays good 

performance that is comparable or even superior to traditional materials, further 

research is required to explore the use of TOC-based materials or membranes for 

various applications, with recyclability and reusability in the long term. 
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CHAPTER 3 EXPERIMENTAL: CHEMICAL 

REAGENTS, EQUIPMENT AND 

CHARACTERIZATION METHODS 

 

3.1  Introduction 

The TEMPO/NaBr/NaClO system was used for selective catalytic oxidation of 

cellulose. Aiming at TEMPO recovery and cellulose degradation mitigation in this 

system, TEMPO-containing polymers were designed, and the application of the 

oxidized cellulose obtained was studied. This chapter describes the chemicals and 

equipment used to analyze the resulting products. 

 

3.2  Reagents and Equipment 

 

Table 3.1 Chemical reagents 

Name Molecular 

formula 

Purity 

(%) 

Supplier Function 

Acrylamide C3H5NO 99 Aladdin Monomer 

2,2'-Azobis (2-methylpropionitrile) C8H12N4 99 Aladdin Initiator 

Sodium tungstate dihydrate Na2WO4 99.5 Aladdin Complexing 

agent 

Hydrogen peroxide H2O2 30 Aladdin Oxidizing 

agent 

Ethylene diamine tetraacetic acid C10H16N2O8 99.5 Aladdin Complexing 

agent 

Sodium cyanoborohydride NaBH3CN 95 Macklin Reducing 

agent 

Sodium bromide NaBr 99 Aladdin Cocatalyst 
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Name Molecular 

formula 

Purity 

(%) 

Supplier Function 

Cellulose (C6H10O5)n 99.3 Aladdin Raw material 

Sodium hypochlorite NaClO 5.0 Aladdin Oxidizing 

agent 

mPEG HO(CH2CH2

O)nH 

99.5 Macklin Carrier 

Acetic anhydrate C4H6O3 98.5 Aladdin Oxidizing 

agent 

TEMPO C9H18NO 99 Aladdin Catalyst 

Methyl acrylate C4H6O2 99 Aladdin Monomer 

Ethylenediamine C2H8N2 99 Aladdin Monomer 

3-Aminopropyltriethoxysilane C9H23NO3Si 98 Macklin Cross-linking 

agent 

Glutaraldehyde C5H8O2 50 Macklin Cross-linking 

agent 

3-Chloroperoxybenzoic acid  C7H5ClO3 75 TCI Oxidizing 

agent 

4-Amino-2, 2, 6, 6-tetramethylpiperidine C9H20N2 98 Aladdin Monomer 

 

Table 3.2 Experimental equipment 

Name Specification Supplier Function 

Fourier Transform 

Infrared 

Spectrophotometer 

Thermo Nicolet 

6700 

Thermo Nicolet, 

USA 

Determine the 

compound structure 

Scanning Electron 

Microscope 

S4800I Hitachi Co. Ltd Observe the surface 

morphology  

Transmission Electron 

Microscope 

JEM-2100 Jeol Co., Ltd, Japan Observe the 

microstructure of the 

sample 

Thermal Gravimetric 

Analyzer 

SDT Q600 TA Instruments, 

USA 

Determine the thermal 

stability  

X-ray Diffractometer D/MAX2500PC Rigaku, Japan Collect the crystalline 

or amorphous state  
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Name Specification Supplier Function 

Nuclear Magnetic 

Resonance 

Spectroscopy 

Avance500MHz Bruker, Germany Characterize the 

compound structure 

X-ray Photoelectron 

Spectrometer 

ESCALAB250XI

+ 

Thermo Co., Ltd Determine the 

elemental composition 

Mass Spectrometer DSQⅡ Thermo, USA Determine the average 

molecular weight 

Gel Permeation 

Chromatography 

Waters 1515 Waters, USA Measure the molecular 

weight and 

polydispersity index 

Ultraviolet-visible 

Spectrophotometer 

UV-2550 Shimadzu, Japan Measure the TEMPO 

density and the 

concentration of Pb2+ 

Freezing Dryer SC21CL BiocoolCo., Ltd, 

China 

Freeze-dried cellulose 

samples 

 

3.3  Material Preparation 

Details on the preparation of materials is provided in each section. 

 

3.4  Characterization of Materials 

The characteristics of each of the prepared samples were identified to analyze their 

structures and properties by means of the following: Fourier transform infrared 

spectroscopy (FT-IR); Scanning electron microscope (SEM); Transmission electron 

microscope (TEM); Thermal gravimetric analyzer (TGA); X-ray diffractometer (XRD); 

Nuclear magnetic resonance spectroscopy (NMR); X-ray photoelectron spectrometer 

(XPS); Gel permeation chromatography (GPC); Ultraviolet-visible spectrophotometer 

(UV-vis); conductivity titration and capillary viscometer. 
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3.4.1  FT-IR 

The structures of samples were characterized using Fourier transform infrared 

spectroscopy. FT-IR spectra were obtained by scanning four times in the range of 400-

4250 cm-1 with potassium bromide as background. 

 

3.4.2  SEM 

The overall morphology of the samples was observed by means of SEM. All specimens 

were ground in a mortar, and then sprayed with gold. The test was carried out with the 

acceleration voltage of 3 kV, the electron current intensity of 20 keV and the 

magnification of 200-70.0 K. 

 

3.4.3  TEM 

The sample was ground in an agate mortar and dispersed evenly in anhydrous ethanol 

using ultrasound. The sample solution was added to copper mesh, dried under an 

infrared lamp and observed by TEM. 

 

3.4.4  TGA 

The thermal stability of the samples was determined using the TGA. The samples were 

recorded at a constant heating rate of 10 ℃/min under a N2 atmosphere at a temperature 

range from 25 ℃ to 800 ℃. 
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3.4.5  XRD 

XRD was used to identify the crystalline or amorphous state of the samples. The sample 

is thoroughly ground into a uniform powder by an agate mortar. The sample powder 

was filled into the microscope slide. After the sample plane was  flatten, the 

measurement was carried out with a step size of 0.02 degree. A blank run was 

performed to subtract and remove the environment background from the experimental 

data [1]. 

 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐶𝑟𝐼) =
𝐼200−𝐼𝑎𝑚

𝐼200
∗ 100%                  Equation 3-1 

Where: 

I200 = The maximum value of the cellulose I crystal peak intensity at 2θ=22-23°; 

Iam = The minimum value of the cellulose I crystal peak intensity at 2θ=18-19°. 

 

The particle sizes of MNP and Gn PAMAM-Tx-MNP can be quantitatively evaluated 

from the XRD data using the Debye-Scherrer equation, which gives a relationship 

between peak broadening in XRD and particle size. 

 

D =
kλ

βcosθ
                                                                               Equation 3-2 

Where: 

D is the thickness of the crystal; 

k is the Debye–Scherrer constant (0.89); 

λ is the X-ray wavelength (0.15406 nm); 
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β is the line broadening in radian obtained from the full width at half maximum; 

θ is the Bragg angle (2θ). 

 

3.4.6  NMR 

The structure of the samples was characterized using NMR. All samples were analyzed 

as solutions in a deuterium generation reagent (30 mg/mL) at 25 ℃ in a standard 5 mm 

o.d. pipe.  

 

3.4.7  XPS 

The element distribution and the surface elemental composition were measured by XPS. 

The sample was prepared using the pressing tablet method and ground with a pestle and 

mortar immediately before XPS analysis, in order to generate fresh surfaces [2, 3]. 

 

3.4.8  MS 

The average molecular weight of mPEG-Gn PAMAM-Tx was determined by MS. 

 

3.4.9  GPC 

GPC curves were recorded using a Waters 1515 instrument with a refractive index 

detector, using a calibration curve from the PEG standards in water (containing 0.02% 

NaN3) at 35 ℃. 
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3.4.10  UV-vis 

The TEMPO density of the water-soluble samples was tested using the UV-vis 

spectrophotometer at a 461 nm wavelength. The absorption performance of aqueous 

TEMPO solutions with different concentrations at the maximum absorption wavelength 

was measured to obtain the standard curve for TEMPO concentration and absorbance. 

Under the same conditions, the absorbance of the TEMPO containing polymer was 

determined, and the TEMPO content was obtained by comparing this with the standard 

curve. 

 

The concentration of Pb2+ was measured using the UV-vis light spectrophotometer [4]. 

The adsorption capacity of q (mg/g) was calculated using Equation 3-3:  

 

𝑞 =
(𝑐0−𝑐)∗𝑉

𝑤
                                               Equation 3-3 

Where:  

𝑐0 is the initial concentration of Pb2+ solution, mg/L; 

C is the concentration of the Pb2+ solution after adsorption, mg/L; 

V is the volume of the Pb2+ solution, L; 

W is the mass of the adsorbent, g. 

 

Desorption capacity 𝑞′(mg/g) was calculated according to Equation 3-4: 

𝑞′=
𝑐′∗𝑉′

𝑤
                                                  Equation 3-4 

Where:  
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𝑐′ is the concentration of the Pb2+ solution after desorption, mg/L; 

𝑉′ is the volume of the Pb2+ solution after desorption, L; 

w is the mass of the adsorbent, g. 

 

3.4.11  Conductivity titration 

The -NH2 content of the PVAm was measured by conductometric titration. PVAm was 

dissolved to and HCl solution to obtain P(AM-co-VAmHCl). P(AM-co-VAmHCl) (80 

mg) was then completely dissolved in water (100 mL). It was then titrated with 0.1 M 

AgNO3 at room temperature until the inflection point appeared. The content of -NH2 in 

PVAm was calculated using Equation 3-5: 

 

𝑐𝑉

1000
=

𝑚𝑥

79.5𝑥+71(1−𝑥)
                                        Equation 3-5 

Where: 

79.5, 71 is the unit molar mass of PVAmHCl and PAM, g/mol; 

c is concentration of AgNO3 solution, mol/L; 

x is the degree of amination of PVAm, %; 

V is the volume of consumed 0.1 M AgNO3, mL;  

m is the mass of P(AM-co-VamHCl), g. 

 

The carboxyl content of oxidized cellulose fibers was determined by conductometric 

titrations and corrected by considering the effect of dilution as described in the literature 

[5-8]. A dried sample (0.04 g) was added to 15 mL of a 0.01 M HCl solution. After the 
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mixture was sufficiently stirred, the suspension was titrated with 0.01 M NaOH. The 

carboxyl group content (mmol/g) was calculated using the following Equation 3-6: 

 

𝐶𝑂𝑂𝐻 (
𝑚𝑚𝑜𝑙

𝑔
) = 𝑐(𝑉2 − 𝑉1)/𝑚                              Equation 3-6 

Where:  

c is the NaOH concentration, mol/L; 

m is the weight of the oven-dried sample, g; 

𝑉1, 𝑉2  is the min and max amount of NaOH that corresponds to the equivalent 

conductivity, mL. 

 

3.4.12  The degree of viscosity of polymerization 

The viscosity and thus the degree of polymerization (DP) of the samples in a copper 

ethylenediamine solution was measured using a capillary viscometer at 25 ℃ [9]. The 

DP and degradation degree (DD) of cellulose were estimated using Equation 3-7 and 

Equation 3-8, respectively: 

 

[𝜂] = 0.891𝐷𝑃0.963                                                  Equation 3-7 

Where:  

DP is the average degree of viscosity of polymerization; 

[η] is the limiting viscosity number. 

 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑔𝑟𝑒𝑒 =
(𝐷𝑃0−𝐷𝑃1)

𝐷𝑃0
                           Equation 3-8 
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Where:  

𝐷𝑃0 is the DP of raw cellulose; 

𝐷𝑃1 is the DP of oxidized cellulose. 

 

3.4.13  Water retention value 

The water retention value can reflect the binding force of cellulose in different oxidized 

states, the degree of moisture swelling and the degree of fine fibrosis eroded on the 

surface. After being freeze-dried and ground, the sample was fully absorbed water for 

2 h at room temperature and centrifuged in a high-speed centrifuge of 10 000 r/min for 

20 minutes. The sample in the lower layer was separated and weighed as m1. This was 

dried for 5 h in a blowing oven at 110 ℃ and weighed as m2 [10, 11]. 

 

𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 = 100 ∗ (𝑚1 − 𝑚2)/𝑚2                        Equation 3-9 

Where:  

m1 is the weight of cellulose sample after soaking; 

m2 is the constant weight cellulose sample after drying. 
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CHAPTER 4 VINYLAMINE POLYMER 

SUPPORTED TEMPO FOR CATALYTIC 

OXIDATION OF CELLULOSE 

(Note: This work was published in Cellulose. DOI: 10.1007/s10570-021-03832-8) 

 

4.1  Introduction 

Cellulose is a water-insoluble polymer. If the catalyst for the oxidation reaction is also 

a water-insoluble polymer, there will be high steric resistance between the catalyst and 

the cellulose, which greatly reduces the performance of catalytic oxidation. In order to 

improve the catalytic performance of the TEMPO-anchored catalytic system for 

cellulose oxidation in a water medium, a water-soluble supported catalytic system must 

be prepared [1-5]. 

 

Water-soluble polyvinylamine (PVAm) with abundant primary amines can create a 

cationic interface on its surface in water [6]. The cationic interface on the surface can 

reduce the steric hindrance between PVAm and cellulose when oxidizing cellulose. In 

addition, the high amine content can improve TEMPO loading amount. Pelton R. et al. 

supported TEMPO on PVAm by means of the acylation reaction between the carboxyl 

of 4-COOH-TEMPO and amino of PVAm, in order to prepare PVAm-TEMPO. 

PVAm-TEMPO was used instead of TEMPO in the TEMPO/NaBr/NaClO system to 

obtain cellulose with aldehyde groups. Covalent bonds were formed when cellulose-

containing aldehyde groups reacted with the primary amine groups of PVAm. This 
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promoted wet adhesion of cellulose-to-cellulose [7-12]. In this scheme, PVAm-

TEMPO is grafted to the cellulose surface. The TEMPO cannot be recycled and the 

problem of cellulose depolymerization is not considered. Strategies that can be used to 

recover TEMPO and reduce the degree of degradation of cellulose in the 

TEMPO/NaBr/NaClO system used to oxidize cellulose have not been reported. 

 

This chapter describes a process in which a water-soluble polymer immobilized 

TEMPO (PVAm-T) for catalytic oxidation of cellulose was prepared. First, 

polyacrylamide (PAM) was obtained by radical polymerization of acrylamide (AM), 

and then degraded to prepare the vinylamine polymer of PVAm by the Hofmann 

reaction. The carbonyl groups in 4-oxo-TEMPO were reacted with the -NH2 groups in 

PVAm to synthesize PVAm-T. This was used to selectively oxidize cellulose to 

produce oxidized cellulose products with low degrees of degradation and high carboxyl 

contents. The effect of the PVAm-T structure on the degree of oxidation and the degree 

of degradation of cellulose were studied. The catalytic oxidation mechanism and 

recycling performance were also discussed. 

 

4.2  Experiment 

4.2.1  Preparation of PVAm-T 

4.2.1.1  Synthesis of PAM 

Solution polymerization [13]: Under a N2 environment, AM (10.0 g, 0.14 mol), 

Na2S2O8 (0.l g, 0.4 mmol), isopropanol (l0 mL, 0.26 mol) and water (1 L) were placed 
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in a three-necked flask. After reaction at 65 ℃ for 1 h, the product was precipitated 

using methanol and dried at 40 ℃ under vacuum to get PAM with a high molecular 

weight (Mn=20000). 

 

Precipitation polymerization [14, 15]: Under a N2 atmosphere, AM (10.0 g, 0.14 mol), 

AIBN (0.2 g, 1.22 mmol) and ethanol (100 mL) were placed in a three-necked flask 

and subjected to magnetic stirring at 60 ℃ for 2.5 h. It was then cooled to room 

temperature. The resulting solids were filtrated, washed with ethanol and dried to 

prepare PAM with a low molecular weight (Mn=7000). 

 

4.2.1.2  Preparation of PVAm  

PVAm was obtained using the Hofmann reaction with PAM [16-18]: 5% NaClO (8.83 

mL, 12.5 mmol) and 15 M NaOH (1 mL, 0.015 mol) were placed in a three-necked 

flask and then cooled to -10 ℃ under magnetic stirring. An aqueous solution of PAM 

(6.8 wt.%, 14.7 mL) was slowly added. After 1.5 h, 11 M NaOH (32 mL, 0.352 mmol) 

that was cooled to -10 ℃ was added dropwise. The reaction was performed at -10 ℃ 

for 0.5 h and then maintained at 0 ℃ for 17 h. PVAm was precipitated from methanol, 

and then washed and dried. 

 

4.2.1.3  Preparation of 4-oxo-TEMPO 

As shown in Fig. 4.1, 4-oxo-TEMPO was prepared by oxidizing 2, 2, 6, 6-tetramethyl-

4-piperidone with Na2WO4/H2O2/EDTA [19, 20]. 2, 2, 6, 6-Tetramethylpiperidone 
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(10.0 g), Na2WO4 (160 mg), EDTA (160 mg) and methanol (20 mL) were placed in a 

100 mL three-necked flask with a magnetic stirrer. An H2O2 solution (16 mL) was 

slowly added at 18-22 ℃ and the mixture was stirred for 13 h. The resulting solution 

was evaporated to remove methanol and water, and the residue was saturated with 

anhydrous potassium carbonate. The upper brown oil layer was separated and 

lyophilized. After recrystallization with n-hexane, the orange needle-like crystals of 4-

oxo-TEMPO were obtained with a yield of 90%. 

 

 

Fig. 4.1 The synthetic route of 4-oxo-TEMPO 

 

4.2.1.4  Preparation of PVAm-T  

The catalyst PVAm-T was obtained by the reaction between the carbonyl groups in 4-

oxo-TEMPO and the primary amine groups in PVAm [21]. PVAm (containing 24 mmol 

-NH2) and 4-oxo-TEMPO (2.043 g, 12 mmol) were dissolved in anhydrous methanol 

(20 mL). NaBH3CN (1.131 g, 18 mmol) was then added to the reaction mixture at 40 ℃. 

After reaction for 120 h, PVAm-T was obtained by filtration from methanol and dried 

under vacuum. 

 

4.2.2  Selective oxidation of cellulose 

The oxidation process was carried out based on a previously-published method [22-24]. 
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PVAm-T (0.59 mmol TEMPO), NaBr (0.07 g, 0.68 mmol), cellulose (2.5 g) and water 

(188 mL) were placed in a 250 mL three-necked flask. A 5% NaClO solution (5 mmol/g 

cellulose) was then slowly added to the cellulose slurry at 25 ℃. The pH of the mixture 

was maintained at 10.5 by manual addition of 0.5 M NaOH. After 24 h, the reaction 

was quenched using ethanol (10 mL). The water-insoluble oxidized cellulose product 

was obtained by centrifugation and then freeze-dried. The concentrated supernatant was 

used for the next oxidation cycle. After several cycles, inorganic salts and degradation 

products were removed by dialysis of the concentrated supernatant. The dialyzate was 

then concentrated and precipitated into methanol to recover PVAm-T. 

 

4.2.3  Post-reduction of oxidized cellulose 

The oxidized cellulose (1.0 g) and 0.01 M NaBH4 solution (50 mL) were placed in a 

three-necked flask while stirring. After reaction for 6 h at 25 ℃, the product was 

centrifuged and then immersed in 1 M CH3COOH. Then it was centrifuged, washed 

and dried by lyophilization to obtain the reduced oxidized cellulose product [25, 26]. 

 

4.3  Results and Discussion 

4.3.1  Preparation of PVAm-T 

4.3.1.1  Schematic synthetic route of PVAm-T 

PVAm was obtained by Hofmann degradation of PAM. PVAm-T was prepared by 

means of the reaction between carbonyl in 4-oxo-TEMPO and -NH2 in PVAm (Fig. 

4.2).  
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4.3.1.2  FT-IR characterization 

Successful synthesis of PVAm and PVAm-T was confirmed by FT-IR. The FT-IR 

spectra of PVAm with about 72.0% amination degree (Fig. 4.3) and PVAm-T with 55.1% 

TEMPO loading degree (4.19 mmol/g TEMPO loading amount) are shown in Fig. 4.4. 

In the spectrum of PAM, the absorption peaks of the stretching vibration of N-H and 

C=O of the acylamino groups were at 3431 cm-1 and 1607 cm-1. In the spectrum of 

PVAm [27, 28], the absorption peak at 1509 cm-1 was the bending vibration of N-H. 

Furthermore, the intensity of the characteristic absorption peak of C=O at 1608 cm-1 

was significantly reduced. In the spectrum of PVAm-T [20, 21], the characteristic 

absorption peaks at 2924 cm-1, 1360 cm-1 and 1244 cm-1 were mainly caused by the N-

O, C-N and -CH3 of TEMPO. 

 

 

Fig. 4.2 The synthetic route of PVAm-T 
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Fig. 4.3 Determination of amination degree 

of PVAm 

Fig. 4.4 FT-IR spectra of PAM, PVAm, 4-

oxo-TEMPO and PVAm-T 

 

4.3.1.3  UV-vis characterization 
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Fig. 4.5 UV-vis absorption spectrum of 

TEMPO 

Fig. 4.6 UV-vis standard absorption curve of 

TEMPO 

 

The TEMPO content of PVAm-T was determined by means of UV-vis 

spectrophotometry. The standard absorption curve was measured with TEMPO as the 

standard substance and water as the reference solution at 432 nm of the TEMPO 

maximum absorption wavelength (See Fig. 4.5). The TEMPO content of the sample 

was determined according to the standard absorption curve (Fig. 4.6) [29].  
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4.3.1.4  GPC characterization 
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Fig. 4.7 GPC curves of the catalyst PVAm-T 

 

Table 4.1 GPC results of PAM, PVAm and PVAm-T 

 Mn PDI 

PAM 7000 1.02 

PVAm 5200 1.05 

PVAm-P-T-16 5600 1.07 

PVAm-P-T-57 6300 1.04 

 

The molecular weights of PAM, PVAm and PVAm-T were estimated by GPC [30-32]. 

The Mn values listed in Table 4.1 were the relative molecular weights of these polymers 

to the PEG standards; these were used to characterize the trends in Mn changes during 

the synthesis of PVAm-T. Fig. 4.7 clearly shows that the Mn of PVAm obtained by 

Hofmann degradation of PAM was significantly lower than that of the precursor, PAM. 
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Compared to PVAm, the Mn of PVAm-T with a 16% TEMPO loading degree (PVAm-

P-T-16) increased correspondingly. As the TEMPO loading degree increased from 16% 

to 55%, the Mn of PVAm-P-T-55 increased accordingly. These results further 

confirmed successful preparation of PVAm-T. 

 

PVAm-T catalysts with different molecular weights and TEMPO loading degrees were 

prepared to systematically analyse the structure of PVAm-T and the performance of 

selective oxidation of cellulose (Table 4.2). With the PAM obtained by solution 

polymerization (Mn=20000), an increase in the molar ratio of 4-oxo-TEMPO to -NH2 

in PVAm can improve the TEMPO loading degree of the catalyst. The catalyst has good 

water-solubility when the TEMPO loading degree is about 20% (2.52 mmol/g TEMPO 

loading amount). However, the catalyst was almost water-insoluble when the TEMPO 

loading degree was increased to about 40% (3.65 mmol/g TEMPO loading amount). In 

order to prepare a water-soluble catalyst with a high TEMPO loading degree, the 

precipitation polymerization was used to prepare PAM with low molecular weight 

(Mn=7000). With the PAM as a carrier, the prepared PVAm-T with 57% TEMPO 

loading degree still had good water solubility (4.25 mmol/g TEMPO loading amount). 
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Table 4.2 Prepared PVAm-T catalysts 

PVAm-T catalysts 
Water 

solubility 
Carrier 

Mn of 

PAM 

Amination 

degree of 

carrier 

% 

-NH2 in 

PVAm/4-oxo-

TEMPO 

TEMPO 

loading 

amount 

mmol/g 

TEMPO 

loading 

degree 

% 

PVAm-S-T-19 Soluble 

PVAm-S 20000 

75.7 8:2 2.42 19.1 

PVAm-S-T-20 Soluble 75.7 8:3 2.52 20.2 

PVAm-S-T-21 Soluble 72.3 8:4 2.61 21.4 

PVAm-S-T-40 Insoluble 77.4 8:6 3.65 39.8 

PVAm-S-T-43 Insoluble 77.4 8:8 3.79 43.4 

PVAm-P-T-16 Soluble 

PVAm-P 7000 

72.0 8:4 2.12 15.6 

PVAm-P-T-29 Soluble 72.0 8:5 3.08 28.5 

PVAm-P-T-31 Soluble 72.0 8:6 3.20 30.6 

PVAm-P-T-37 Soluble 72.3 8:8 3.52 36.7 

PVAm-P-T-41 Soluble 73.1 8:7 3.70 40.8 

PVAm-P-T-55 Soluble 73.1 8:8 4.19 55.1 

PVAm-P-T-57 Soluble 72.3 8:12 4.25 56.9 

Note: Meaning of symbols in PVAm-T: S means PAM is prepared by solution 

polymerization. P means PAM is prepared by precipitation polymerization. The number 

is the TEMPO loading degree. 

 

4.3.2  Selective oxidation of cellulose  

Cellulose was selectively oxidized in water at pH=10.5 using PVAm-T as the catalyst, 

NaBr as the co-catalyst and NaClO as the oxidant (5 mmol/g cellulose). 

 

4.3.2.1 Mechanism of selective catalytic oxidation of cellulose  

The nitroxide radical is first oxidized into a positive ion using the oxidant NaBrO, 

followed by selective oxidation of cellulose [33-40]. The positive ion contacts the 

primary hydroxyl group on the cellulose surface through diffusion, oxidizes the primary 
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hydroxyl group into a carboxyl group, and is itself reduced into an intermediate 

hydroxylamine. This intermediate changes into a nitroxide radical through oxidation of 

NaBrO. At this time, the working cycle is completed and cyclic regeneration of the 

nitroxide radical is realized (Fig. 4.8). 

 

 

Fig. 4.8 Mechanism of selective catalytic oxidation of cellulose using the 

TEMPO/NaBr/NaClO system 
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Fig. 4.9 Mechanism of cellulose oxidation catalyzed using the catalyst PVAm-T 
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The mechanism of PVAm-T mediated oxidation of cellulose is similar to the free 

TEMPO, as shown in Fig. 4.9. PVAm-T also undergoes the above state change process, 

and so achieves the purpose of selective catalytic oxidation of the C6 primary hydroxyl 

group of cellulose to a carboxyl group. 

 

4.3.2.2  Oxidized cellulose characterization 

(1) Structural characterization 

Fig. 4.10 shows the FT-IR spectra of cellulose before and after oxidation. The intensity 

of the peak at 1615 cm-1 that corresponds to the -COONa group of PVAm-T was 

slightly weaker than that of TOC [41]. This shows that the catalyst of PVAm-T had a 

high degree of cellulose oxidation. 
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Fig. 4.10 The FT-IR spectra of raw cellulose, PVAm-T, TEMPO oxidized cellulose and 

PVAm-T oxidized cellulose 

 

(2) Oxidation effect 
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The carboxyl content of oxidized cellulose was measured by conductometric titration 

[42, 43]. The carboxyl content in raw cellulose was 0.02 mmol/g. This would be due to 

the air oxidation [44]. The results show that the degree of cellulose oxidation using 

PVAm-T with a high molecular weight PAM (Mn=20000) as the carrier increased with 

the increase of TEMPO loading degree, as show in Fig. 4.11. However, the water 

solubility became poorer as the TEMPO loading amount increased, which complicated 

the process of catalyst separation from the oxidized product. With a low molecular 

weight and PAM (Mn=7000) as the carrier, the prepared catalyst showed increased 

water solubility, and the catalytic performance was improved (equivalent to 68%-76% 

of the free TEMPO level).  
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Fig. 4.11 Effects of TEMPO loading degree of PVAm-T on the carboxyl group content of 

oxidized cellulose 

 

TEMPO loading degree seemed to have little effect on the catalytic performance of 
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PVAm-T with a low molecular weight PAM as the carrier. As the degree of TEMPO 

loading increased from 16% to 57%, the carboxyl group contents of the oxidized 

cellulose samples were close, about 1-1.1 mmol/g. This may be due to the excellent 

water solubility of the macromolecular catalyst with low molecular weight, producing 

a closer diffusion ability of the catalyst than that of free TEMPO. These results indicate 

that the molecular weight had a significant effect on the catalytic performance of the 

macromolecular catalyst. 

 

(3) DP of cellulose 

Significant depolymerization is inevitable during TEMPO catalytic oxidation of 

cellulose under alkaline conditions [45, 46]. As seen in Table 4.3, TEMPO mediated 

oxidation of cellulose was very efficient under the reaction conditions pH=10.5, 

TEMPO concentration of 3 mmol/L, NaClO concentration of 5 mmol/g cellulose. It 

only took four hours to obtain oxidized cellulose with 1.46 mmol/g carboxyl. However, 

this oxidation process led to significant degradation of the cellulose. The DP of TOC 

was significantly decreased to about 55-72 (Table 4.3), which is equivalent to 61%-66% 

degrees of degradation (the DP of raw cellulose was about 160).  

 

The degradation of cellulose is mainly caused by β-alkoxy elimination or free radicals 

produced during the oxidation of the intermediate C6-aldehyde group formed under 

alkaline conditions in water [47-51]. The molecular structural features of the 

immobilized TEMPO can also affect cellulose degradation. The DP of PVAm-T 
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oxidized cellulose was largely higher (117-126, which corresponds to a 21%-27% 

degree of degradation) than that of TOC.  

 

To reveal the mechanism of PVAm-T that affects the degradation of cellulose, a 

comparative experiment was carried out: 4-oxo-TEMPO was physically mixed with 

PVAm (according to the content in PVAm-T) to oxidize cellulose. The DD of oxidized 

cellulose was consistent with the TOC. Therefore, it can be concluded that PVAm-T, 

rather than PVAm, plays a key role in alleviating the degradation of cellulose in the 

oxidation process.  

 

Table 4.3 TEMPO and PVAm-T oxidized cellulose 

Oxidized cellulose 
Carboxyl content 

(mmol/g) 
DP 

Mass yield 

(%) 

TEMPO oxidized 

cellulose 

0.489 72.4 90.2 

0.937 57.3 90.4 

1.331 55.3 90.6 

PVAm-T oxidized 

cellulose 

0.481 124.1 96.4 

0.642 125.7 96.0 

0.987 117.4 95.6 

1.019 117.7 95.4 

1.114 119.2 95.6 

 

(4) Post-reduction  

Shinoda et al. showed that TOC with small amounts of C6 aldehydes and C2/C3 ketones 

can cause depolymerization of cellulose when DP was measured in alkaline 0.5 M 

copper [52]. Post-reduction using NaBH4 at pH=10 can remove the C6 aldehydes and 
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C2/C3 ketones that form hemiacetal bonds between fibers during the drying process 

[53, 54]. Therefore, the DP of oxidized cellulose was improved after post-reduction 

treatment. The experimental results shown in Table 4.4 confirm this. After post-

reduction, the DP of TOC was largely increased, which suggests that this oxidized 

cellulose contained a large amount of C6 aldehydes and C2/C3 ketones. 

 

Table 4.4 Catalytic performance of TEMPO and PVAm-P-T  

Catalyst 

Reaction conditions Oxidized cellulose 

Catalyst 

mmol/L 

Time 

h 

NaClO 

mmol/g 

cellulos

e 

Carboxyl 

content 

mmol/g 

DP 

Before-

reduction 

Post-

reduction 

TEMPO 3 4 5 1.46 66 98 

6 4 5 1.55 62 88 

15 4 5 1.71 40 68 

30 4 5 1.74 40 69 

90 4 5 1.74 40 70 

3 4 10 1.66 35 65 

3 4 15 1.65 32 63 

3 2 5 0.75 68 99 

3 6 5 1.47 59 89 

PVAm-P-T-37 3 24 5 1.02 118 118 

3 24 10 1.15 106 111 

3 24 15 1.16 95 99 

3 12 5 1.04 121 119 

3 44 5 1.05 94 101 

PVAm-P-T-57 3 24 5 1.05 117 116 

3 24 10 1.16 104 109 

3 24 15 1.18 90 96 

3 12 5 1.05 124 125 

3 44 5 1.05 103 109 
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Spier et al. found that an increase in TEMPO concentration reduces depolymerization 

[55]. However, under our reaction conditions, the increase in TEMPO concentration 

seemed to have no effect on the degradation of cellulose. This was probably because 

cellulose is a water-insoluble highly crystalline polysaccharide. The PVAm-T oxidized 

cellulose had similar DP values before and after post-reduction, which shows that there 

was no side reaction in the process of PVAm-T mediated cellulose oxidation. It seems 

that PVAm-T can prevent the formation of C6 aldehydes and C2/C3 ketones by side 

reactions, which suggests that it has high oxidation selectivity. This may be another 

main reason why it can efficiently inhibit the degradation of cellulose. 

 

The effect of reaction time on carboxyl content and the DP of oxidized cellulose were 

studied using the catalysts TEMPO and PVAm-T. The results showed that TEMPO-

mediated cellulose oxidation was completed in 4 h, and PVAm-T mediated cellulose 

oxidation was completed in 12 h (Table 4.4). The DD of cellulose increased when the 

reaction time was prolonged. The DP of oxidized cellulose before and after post-

reduction showed that the reaction time had no effect on the content of C6-aldehydes 

and C2/C3 ketones in PVAm-T oxidized cellulose. This indicates that it had high 

selectivity in the whole reaction process. 

 

The effect of NaClO dosage on carboxyl content and DP was also studied. The carboxyl 

content of oxidized cellulose increased with an increase in the dosage of NaClO oxidant 

for TEMPO mediated oxidation of cellulose [56-59]. When using PVAm-T as the 



 

89 

catalyst, the trend in the change of carboxyl content of oxidized cellulose was the same 

as with TEMPO, and it also increased gradually with an increase in the amount of 

oxidant (5-15 mmol/g cellulose). (See Table 4.4.) Increasing the amount of NaClO 

increased the occurrence of side reactions and reduced the DP of the oxidized cellulose. 

 

(5) Morphology 

Compared with raw cellulose, it can be observed with naked eyes that the centrifuged oxidized 

cellulose is more transparent and the freeze-dried sample is more fluffy, as shown in Fig.4.12. 

 

    

Raw cellulose Oxidized freeze-dried 

cellulose 

Raw cellulose after 

adding water 

Centrifuged oxidized 

cellulose 

Fig.4.12 Photos of cellulose before and after treatment 

 

The SEM images of cellulose, TEMPO oxidized cellulose and PVAm-P-T oxidized 

cellulose were shown in Fig. 4.13. The TEMPO/NaBr/NaClO oxidation system 

oxidized cellulose into fibrillation [60]. With the progression of the oxidation process, 

some tiny microfibers are formed on the surface of cellulose. In this work, fibrillation 

of long fibers and the formation of fine particles was also observed in the SEM images 

of oxidized cellulose, which indicates that a large number of carboxylic acid groups 

were formed in the water-insoluble part after oxidation. Under the same oxidation 

conditions, it was found that the degree of surface erosion of TEMPO oxidized cellulose 
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and PVAm-P-T oxidized cellulose were similar, indicating that PVAm-P-T has a 

similar catalytic oxidation performance to that of TEMPO and that depolymerization 

occurred as a side reaction in the non-crystalline regions during the oxidation process 

[61-64].  

 

    

a) Raw cellulose b) TEMPO oxidized 

cellulose 

c) PVAm-P-T oxidized cellulose 

Fig. 4.13 SEM images of cellulose and oxidized cellulose 

 

(6) Water retention value 

 

Table 4.5 Water retention values of raw cellulose and oxidized cellulose samples 

Samples 
Carboxyl content 

mmol/g 

Water retention value 

% 

Cellulose 0.02 241 

PVAm-P-T oxidized cellulose 

0.481 273 

0.642 285 

0.987 406 

1.019 437 

1.114 491 

TEMPO oxidized cellulose 1.46 599 

 

Table 4.5 shows that the water retention value of oxidized cellulose was significantly 

improved compared to that of raw cellulose. The water retention value of oxidized 
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cellulose was closely related to the degree of oxidation because the number of fine 

fibers increased [65, 66]. 

 

(7) XRD analysis  

The oxidized cellulose samples were characterized by means of XRD (Fig. 4.14). Four 

diffraction peaks at 2θ=14.5°, 16.5°, 22.5° and 34.5° corresponded to the diffraction 

absorption peaks of the 110, 11
—

0, 200 and 004 crystal planes of cellulose I type crystal 

structure respectively [67-69]. This indicated that the crystal form of oxidized cellulose 

had not changed. 
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Fig. 4.14 X-ray diffraction patterns of raw cellulose and oxidized cellulose 
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Table 4.6 The CrI of raw cellulose and oxidized cellulose samples 

Samples 
Carboxyl content 

𝐼𝑎𝑚 𝐼200 
CrI 

mmol/g % 

Raw cellulose 0.02 0.327 1.000 67.3 

PVAm-P-T 

0.642 0.205 1.000 79.5 

0.987 0.191 1.000 80.9 

1.019 0.189 1.000 81.1 

1.114 0.166 1.000 83.4 

TEMPO 1.46 0.147 1.000 85.3 

 

Using the methods reported in the literature [70-73], the CrI values were estimated 

(Table 4.6). Compared to the raw cellulose (Iam=0.327, I200=1.000, CrI=67.3%), the CrI 

of oxidized cellulose increased. The reason could be that part of the cellulose in the 

amorphous region was oxidized to soluble cellulose. It is then lost from the cellulose 

body in the subsequent washing process. Therefore, the CrI of oxidized cellulose 

obtained by centrifugation was increased. The CrI of TOC oxidized cellulose was 

higher than that of PVAm-P-T oxidized cellulose. This may be due to PVAm-P-T being 

bigger and less able to enter the interior of the cellulose; therefore, it can only oxidize 

the amorphous and crystalline areas on the surface of the cellulose [74, 75]. 

 

4.3.3  Recovery of PVAm-T by dialysis 

As a water-soluble macromolecular TEMPO catalyst, PVAm-T should exist in the 

supernatant after the oxidation reaction [76]. The supernatant after oxidizing cellulose 

was concentrated by rotary evaporation and used for further catalytic oxidation. After 

multiple cycles, inorganic salts (NaClO) and degradation products (water-soluble 
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oxidized cellulose) were removed from the concentrated supernatant by dialysis. The 

resulting dialysate was concentrated and precipitated into methanol to recover PVAm-

T for further oxidation cycles (Fig. 4.15). The recovered PVAm-T was consistent with 

the fresh catalyst in color, state, characteristic absorption peaks in FT-IR (Fig. 4.16) 

and TEMPO loading degree. 

 

 

Fig. 4.15 Recovery process of PVAm-T 
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Fig. 4.16 FT-IR spectra of fresh and 

recovered PVAm-T-55 

Fig. 4.17 The recyclability of PVAm-P-T-57 

 

Fig. 4.17 shows that the recovered PVAm-T can still deliver oxidized cellulose with a 

high carboxyl content. Fig. 4.18 shows that the oxidized cellulose obtained using 

recycled PVAm-T as the catalyst still had good crystal morphology and high CrI. 
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Fig. 4.18 X-ray diffraction patterns of oxidized cellulose obtained when using recycled 

PVAm-P-T-57 as the catalyst 

 

4.4  Conclusion 

A macromolecule water-soluble catalyst of PVAm-T was prepared and used for 

selective catalytic oxidation of cellulose. The catalytic performance of PVAm-T was 

up to 76% that of free TEMPO and did not change after recycling. The degree of 

degradation of PVAm-T oxidized cellulose (21%-27%) was clearly lower than that of 

TEMPO oxidized cellulose (61%-66%). PVAm-T with a positive charge and suitable 

size can effectively prevent the formation of C6 aldehydes and C2/C3 ketones due to 

side reactions. The oxidation is then mainly restricted to the exterior surface of porous 

cellulose, resulting in a significant reduction in the degradation of cellulose. 
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CHAPTER 5 POLYETHYLENE GLYCOL 

MODIFIED POLYAMIDOAMINE 

IMMOBILIZED TEMPO CATALYST FOR 

EFFICIENT CATALYTIC OXIDATION OF 

CELLULOSE 

(Note: This research is expected to appear in the Journal of Cellulose.) 

 

5.1  Introduction 

Polyethylene glycol (PEG) has excellent solubility in polar and non-polar solvents 

(including DCM and water) and very narrow and defined polydispersity indices, 

making it a new carrier for TEMPO in a biphasic media (such as the oxidation of water 

insoluble alcohols in the presence of NaClO and NaBr in water/DCM) [1-6]. 

Polyethylene glycol monomethyl ether (mPEG) has a similar structure and properties 

to PEG. Wan et al. supported TEMPO on mPEG to prepare a water-soluble 

macromolecular TEMPO catalyst and found that it could catalyze the oxidation of 

different allyl alcohols and aromatic primary alcohols in an acetonitrile/water medium, 

showing excellent catalytic performance [7]. 

 

Araki and Iida immobilized TEMPO on mPEG2000 to prepare mPEG2000-TEMPO 

for oxidizing cellulose for purposes of preparing carboxylated nanocellulose [8]. The 

catalytic performance in the first oxidation cycle could reach 60% of that of free 

TEMPO. The catalyst was then recovered by extraction with DCM and re-used for 
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further oxidation cycles. However, because TEMPO itself has good water solubility, 

loading it on PEG with poorer water solubility than TEMPO cannot increase its water 

solubility further. The large size of PEG tends to reduce its catalytic activity when used 

to oxidize a water-insoluble macromolecular substrate such as cellulose in water. 

 

In a previous work, we synthesized an amphiphilic nitroxide block copolymer of 

poly(ethylene glycol)-b-poly(2, 2, 6, 6-tetramethylpiperidinyloxy-4-yl-methacrylate) 

(PEG-PTMA) by means of activators regenerated by electron transfer atom transfer 

radical polymerization (ARGET ATRP) [9]. The catalytic oxidation performance of 

cellulose in the acetonitrile/water system was studied and the oxidation level was 

equivalent to 73.2% of free TEMPO. The block copolymer was easy to recycle by DCM 

extraction and the activity did not decrease after multiple cycles. However, the catalytic 

activity was very low when used in water, because the block copolymer was water-

insoluble. 

 

Dendrimer is a kind of synthetic macromolecule with a highly branched, regular three-

dimensional structure [10-14]. Dendritic polyamidoamine (PAMAM) has excellent 

water-solubility, and was used to prepare an immobilized TEMPO called Gn PAMAM-

Tx for efficient catalytic oxidation of cellulose in water. Its catalytic effect was similar 

to that of free TEMPO [15, 16]. However, its recycling process is complex, and the 

supernatant of the oxidation mixture must be salted out before the catalyst is extracted 

with N-dimethylformamide, because PAMAM has excellent water solubility and poor 
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solubility in conventional organic solvents.  

 

PEG-modified PAMAM may combine the advantages of these two macromolecules 

[17-24] and it was hoped that a TEMPO immobilized catalyst with high catalytic 

oxidation performance and easy recycling feature might be achieved. Based on this, 

mPEG modified PAMAM macromolecules (mPEG-Gn PAMAM) with different 

PAMAM generations were prepared. With mPEG-Gn PAMAM as the carrier, the 

water-soluble mPEG-Gn PAMAM immobilized TEMPO catalysts (mPEG-Gn 

PAMAM-Tx) with different TEMPO loading amounts were obtained and used for 

selective oxidation of cellulose, in order to produce oxidized cellulose products. The 

effect of the structure of mPEG-Gn PAMAM-Tx on the catalytic oxidation of cellulose 

was investigated. After recovery by DCM extraction, mPEG-Gn PAMAM-Tx was re-

used to evaluate its recycling performance. 

 

5.2  Experiment 

5.2.1  Preparation of PEG modified PAMAM immobilized TEMPO 

catalyst called mPEG-Gn PAMAM-Tx 

5.2.1.1  Preparation of mPEG-CHO 

mPEG-aldehyde was prepared by oxidation of mPEG with DMSO/acetic anhydrate [25, 

26]. The mPEG (5 g, 5 mmol, Mn=1000 g/mol) was then completely dissolved in 

anhydrous DMSO/chloroform (30.0 mL, 9v/v) under a N2 atmosphere. After adding 

acetic anhydride (5.0 mL, 50 mmol) to the solution, the mixture was stirred for 25 h at 
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25 ℃. The product was then precipitated with prechilled diethyl ether. The precipitate 

was filtered, and the crude product obtained was dissolved in chloroform and re-

precipitated twice using diethyl ether for purification. After drying under vacuum, 

mPEG-CHO was obtained. 

 

5.2.1.2  Preparation of Gn PAMAM 

PAMAM dendrimers with different generations (Gn PAMAM, where n represents the 

generation of PAMAM) were prepared, following the method reported in previous 

reports, but with minor modifications [32, 33]. 

 

Methylacrylate (43.0 g, 0.5 mol) was placed in a three-necked flask containing 30 mL 

of methanol while stirring. The solution of ethylenediamine (5.0 g, 0.083 mol) in 

methanol (10 mL) was added dropwise at 0 ℃. After the solution was added the 

reaction was carried out at 25 ℃ for 24 h. The excess methanol and methyl acrylate 

were then removed using a rotatory evaporator to obtain G0.5 PAMAM. 

 

In a N2 environment, ethylenediamine (57.7 g, 0.96 mol) was placed in a three-necked 

flask containing 100 mL methanol while stirring. G0.5 PAMAM (16.2 g, 0.04 mol) in 

methanol (10 mL) was then slowly added at 0 ℃. After dripping, the reaction was 

carried out at 25 ℃ for 24 h. The excess ethylene diamine and methanol were then 

removed by rotary evaporation to obtain G1.0 PAMAM. 

 



 

109 

By repeating the above two steps, G2.0 and G3.0 PAMAM dendrimers were obtained. 

 

5.2.1.3  Preparation of Gn PAMAM-Tx 

Gn PAMAM-Tx was prepared by the reaction of reducing amination between the 

primary amines in PAMAM and carbonyls in 4-oxo-TEMPO, in which T and x 

represented TEMPO and the TEMPO loading degree on PAMAM, respectively.  

 

The preparation of G1.0 PAMAM-T30 is given as an example: In a N2 environment, 

G1.0 PAMAM (1.032 g, 2 mmol) and 4-oxo-TEMPO (the molar ratio of 4-oxo-TEMPO 

to primary amine in PAMAM was 1.5) were added to methanol (30 mL) while stirring. 

At 40 ℃, NaBH3CN (24 mmol) was added to the reaction mixture in three equal parts 

after 3 h, 24 h and 48 h respectively. After reaction, the excess NaBH3CN was quenched 

with a saturated aqueous NaHCO3 solution. After filtering, the unreacted 4-oxo-

TEMPO in the filtrate was extracted by ethyl acetate, and G1.0 PAMAM-T30 was 

obtained by evaporating the water phase. 

 

5.2.1.4  Preparation of mPEG-Gn PAMAM-Tx 

The preparation of mPEG-G1.0 PAMAM-T30 is given as an example: Under a N2 

atmosphere, G1.0 PAMAM-T30 (1.0 g, 4.94 mmol NH2) and mPEG-CHO (4.94 g, 4.94 

mmol) were fully dissolved in methanol (40 mL). Under magnetic agitation at 40 ℃, 

NaCH3CN (0.465 g 7.41 mmol) was added to the reaction system in three batches, i.e. 

at 3 h, 24 h and 48 h, respectively. After 96 h, the excess NaBH3CN was quenched by 
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adding a saturated aqueous NaHCO3 solution. It was then filtrated to obtain the filtrate 

containing mPEG1000-G1.0 PAMAM-T30. The filtrate was evaporated to remove 

water and methanol, and then vacuum dried to obtain mPEG1000-G1.0 PAMAM-T30. 

 

5.2.1.5  Preparation of mPEG-T 

Under a N2 environment, mPEG-CHO (1.0 g, 1 mmol), DCM (20 mL) and 4-amino-2, 

2, 6, 6-tetramethylpiperidine (4-NH2-TEMP, 0.68 g, 4 mmol) were placed in a three-

necked flask. NaBH3CN (1.51 g, 24 mmol) was added in three equal parts under 

magnetic stirring at 40 ℃. After 96 h, a saturated aqueous NaHCO3 solution was added 

to the reaction solution to quench the excess NaBH3CN, and the concentrated DCM 

phase was poured into cold ether for precipitation. The precipitate was filtered and dried 

to obtain mPEG-TEMP. 

 

mPEG-TEMP (0.578 g, 0.5 mmol) and DCM (20 mL) were placed in a three-necked 

flask at 0 ℃. The DCM of 3-chloroperoxybenzoic acid (20 mL, the molar ratio of 3-

chloroperoxybenzoic acid to PEG-TEMP is 2:1) was slowly added. After stirring for 1 

h, the reaction solution was poured into cold ether (300 mL) for precipitation. Through 

filtering and vacuum drying, the PEG immobilized TEMPO called mPEG-T was 

obtained. 

 

5.2.2  mPEG-Gn PAMAM-Tx mediated oxidation of cellulose  

The experimental method used was the same as that described in item 4.2.2. 
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5.2.3  Post-reduction of oxidized cellulose 

The experimental method used was the same as that described in 4.2.3. 

 

5.3  Results and Discussion 

5.3.1  Synthetic route of mPEG-Gn PAMAM-Tx 

In this section of the study, a water-soluble TEMPO-immobilized mediator for catalytic 

oxidation of cellulose, with mPEG modified PAMAM as the carrier, was designed to 

achieve both high catalytic oxidation performance and easy recovery characteristics. 

The preparation route is shown in Fig. 5.1. PAMAM dendrimers of G1.0-G3.0 were 

synthesized by means of the repeated Michael addition and ester aminolysis of 

ethylenediamine and methyl acrylate. Through the reductive amination reaction of -

NH2 in PAMAM and -C=O in 4-oxo-TEMPO, the PAMAM immobilized TEMPO 

called Gn PAMAM-Tx was prepared. The mPEG modified PAMAM immobilized 

TEMPO mediator called mPEG-Gn PAMAM-Tx was obtained by means of a 

condensation reduction reaction of the aldehyde group in PEG-CHO and the amino 

group in Gn PAMAM-Tx, with NaBH4 used as the reducing agent.  

 

 

Fig. 5.1 Synthetic route of mPEG-Gn PAMAM-Tx 
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5.3.2  Characterization of mPEG-Gn PAMAM-Tx 

5.3.2.1 FT-IR  

The FT-IR spectra of mPEG-CHO, G1.0 PAMAM-T30 and mPEG-G1.0 PAMAM-

T30 are shown in Fig. 5.2. In the FT-IR spectrum of mPEG-CHO [8, 25, 26], the C=O 

band attributed to the aldehyde group in mPEG-CHO was found at 1740 cm-1. This 

band disappeared in the spectrum of mPEG-G1.0 PAMAM-T30. For the spectrum of 

G1.0 PAMAM-T30, the C=O stretching vibration band at 1654 cm-1, the N-H 

deformation vibration band at 1577 cm-1 of the amide in PAMAM and the stretching 

vibration bands of N-O at 1360 cm-1 and C-N at 1243 cm-1 in TEMPO were observed. 

These characteristic bands also disappeared in the spectrum of mPEG-G1.0 PAMAM-

T30 [8, 15, 16]. 
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Fig. 5.2 FT-IR spectra of mPEG-G1.0 PAMAM-T30 
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5.3.2.2 Proton nuclear magnetic resonance spectroscopy (1H NMR)  

An unpaired electron within the TEMPO of mPEG-G1.0 PAMAM-T30 makes it 

paramagnetic [27-29]. Paramagnetic materials can affect the uniformity of the magnetic 

field, resulting in an abnormally wide NMR spectrum. To address this issue, the 

TEMPO moiety should be reduced to the hydroxylamine form (TEMPO-OH) before 

NMR characterization. In order to further prove successful synthesis of mPEG1000-

G1.0 PAMAM-T30, its TEMPO moieties were reduced to TEMPO-OH by phenyl 

hydrazine and characterized by 1H NMR. As shown in Fig. 5.3, the methylene shift 

peak of PEG appeared at 3.5 ppm and the characteristic shift peak of N-OH ascribed to 

the reduction of nitroxide radical was observed at 7.2 ppm. 
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Fig. 5.3 1H NMR spectra of mPEG-G1.0 PAMAM-T30 in D2O 

 

5.3.2.3  X-ray photoelectron spectrometer (XPS) 

The XPS results of mPEG-G1.0 PAMAM-T30 are shown in Table 5.1. As expected, 
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mPEG-G1.0 PAMAM-T30 mainly included C (61.7%), N (8.6%) and O (29.7%). Four 

fitting C peaks corresponding to O-C=O (C1, 286.1 eV), C-O (C2, 285.7 eV), C-N (C3, 

285.1 eV) and C=O (C4, 283.95 eV) were observed in Fig. 5.4. The following were 

also found: four types of N species, i.e C-N (N1, 401.1 eV, -NH- (N2, 399.1 eV), -NH2 

(N3,398.51 eV) and pyridinic-N (N4, 398.1 eV)); three types of O species, i.e. C-O-C 

(O1, 532.3 eV), N-O (O2, 531.5 eV) and C=O (O3, 531.3 eV)). These results further 

confirmed the covalent attachment of mPEG and G1.0 PAMAM-T30. 
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Fig. 5.4 The wide-scan and high-resolution XPS spectra of C1s, N1s and O1s for mPEG-

G1.0 PAMAM-T30 in powder form 
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Table 5.1 Elemental composition of the mPEG-G1.0 PAMAM-T30 determined by XPS 

Samples Theoretical Measured 

 C (%) N (%) O (%) C (%) N (%) O (%) 

mPEG 60.0 0 40.00 60.4 0 39.6 

mPEG-G1.0 PAMAM-T30 60.9 10.1 29.0 61.7 8.6 29.7 

 

5.3.2.4 GPC  

Compared with mPEG, the retention time of mPEG-G1.0 PAMAM-T30 was 

significantly reduced, but the distribution was unchanged (Fig. 5.5). This suggested that 

the introduction of G1.0 PAMAM-T30 to the end of the mPEG increased its 

hydrodynamic volume. As shown in Table 5.2, the measured molecular weight of 

mPEG-G1.0 PAMAM-T30 was 1682 g/mol, i.e. slightly higher than the theoretical 

value (1567 g/mol). This was because the GPC measured molecular weight was 

obtained from the calibration curve of PEG standards, and PAMAM had a different 

chemical structure to PEG. These results further confirmed successful preparation of 

mPEG-G1.0 PAMAM-T30. 
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Fig. 5.5 GPC curves of PEG and mPEG-G1.0 PAMAM-T30 
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5.3.2.5 MS 

Fig. 5.6 shows the mass spectra of mPEG-G1.0 PAMAM-T30. The signals at 

m/z=415.6, 444.6, 545.3, 589.7, 610.8, 619.3 and 655.8 corresponded to the fragment 

ions of G1.0 PAMAM-T30. The fragment ion of mPEG was detected at m/z=1024.7. 

These results further confirmed successful preparation of mPEG-G1.0 PAMAM-T30. 

 

 

Fig. 5.6 The mass spectrum of mPEG-G1.0 PAMAM-T30 

 

5.3.2 7  Preparation of mPEG-Gn PAMAM-Tx with different PAMAM generations 

and different TEMPO loading degrees 

 

Table 5.2 Prepared PEG-Gn PAMAM-Tx with different PAMAM generations and different 

TEMPO loading degrees 

mPEG-Gn PAMAM-Tx 

TEMPO 

loading 

degree 

(%) 

TEMPO 

loading 

density 

(mmol/g) 

Theoretical 

Mn (g/mol) 

GPC 

measured 

Mn (g/mol) 
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mPEG-G1.0 PAMAM-T30 30 0.766 1567 1682 

mPEG-G1.0 PAMAM-T50 50 1.249 1601 1825 

mPEG-G1.0 PAMAM-T70 70 1.712 1635 1840 

mPEG-G2.0 PAMAM-T30 30 0.968 2479 2680 

mPEG-G3.0 PAMAM-T30 30 1.115 4303 4550 

 

Based on the successful preparation of mPEG-Gn PAMAM-T30, PEG-Gn PAMAM-

Tx catalysts with different PAMAM generations (G1.0, G2.0 and G3.0), and different 

TEMPO loading degrees (30%, 50% and 70%) were designed and prepared (Table 5.2). 

When the PAMAM generation was fixed (G1.0), the TEMPO loading density and 

molecular weight of the macromolecular catalyst increased accordingly with an 

increase in the TEMPO loading degree. When the TEMPO loading degree was fixed 

(30%), the molecular weight of the macromolecular catalyst increased dramatically 

with the PAMAM generation. However, the TEMPO loading density changed slightly, 

because the terminal amino number of PAMAM also multiplied as its generation 

increased. It should be emphasized that the molecular weights of PEG-Gn PAMAM-

Tx were estimated by GPC with a refractive index detector using a calibration curve 

from PEG standards and this method can only measure the relative molecular weights 

of these polymers, because the radii of gyration of them must be different from those 

of PEG. However, it can still be used to characterize the trend of molecular weight 

change in the preparation of macromolecular catalyst.  
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5.3.3  mPEG-Gn PAMAM-Tx mediated oxidation of cellulose 

The prepared mPEG-Gn PAMAM-Tx catalysts were used for catalytic oxidation of 

cellulose in water with NaBr as a promoter and NaClO as the oxidant. All reactions 

were carried out for 4 h at 25 ℃. For comparison purposes, mPEG immobilized 

TEMPO (mPEG-T) was also prepared by means of the reaction of mPEG-CHO and 4-

NH2-TEMPO. 

 

The FT-IR spectra of mPEG-Gn PAMAM-T30 oxidized cellulose products are shown 

in Fig. 5.7. It was seen that all mPEG-Gn PAMAM-T30 oxidized cellulose samples had 

a sharp peak at 1615 cm-1 corresponding to -COONa. The peak strength of mPEG-Gn 

PAMAM-T30 oxidized cellulose at 1615 cm-1 was significantly higher than that of raw 

cellulose, but slightly less than that of TOC, which shows that mPEG-Gn PAMAM-

T30 can also give a satisfactory cellulose oxidation performance. The carboxy content 

of oxidized cellulose seemed to gradually decrease with an increase in PAMAM 

generation, probably due to the corresponding increase in the size of the 

macromolecular catalyst. 
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Fig. 5.7 FT-IR spectra of oxidized cellulose obtained with mPEG-Gn PAMAM-T30 

 

5.3.3.1  Cellulose oxidation rate 

The cellulose oxidation rate was evaluated by the amount of 0.5 M NaOH consumed. 

As shown in Fig. 5.8, when the TEMPO loading degree was fixed at 30%, the oxidation 

rate of mPEG modified PAMAM immobilized TEMPO was decreased with the 

PAMAM generation increasing, because the molecular size of PAMAM was 

proportional to its generation. Therefore, mPEG-G1.0 PAMAM was selected as a 

carrier for further studying the effect of TEMPO loading degree on the catalytic 

oxidation rate. As the TEMPO loading degree was increased from 30% to 70%, the 

NaOH consumption amount decreased by half. This may be because increasing the 

TEMPO loading degree may lead to poor water solubility of the macromolecular 

catalyst. It should be pointed out that water solubility should be the main factor in 

determining the catalytic properties of the macromolecular TEMPO catalyst, because 

G1.0 PAMAM-T30 has excellent water solubility, and has a catalytic oxidation rate 

similar to that of free TEMPO.  
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When G1.0 PAMAM-T30 was modified by mPEG (the water solubility of mPEG with 

Mn=1000 is more hydrophobic than G1.0 PAMAM), the obtained mPEG-G1.0 

PAMAM-T30 gave a cellulose oxidation rate lower than G1.0 PAMAM-T30, but 

higher than mPEG-T. This is because an increase in water solubility can decrease the 

diffusion hindrance between the macromolecular catalyst and the cellulose surface, and 

improve the contact of TEMPO moieties on the macromoleclar catalyst with C6 

hydroxyl groups on the cellulose surface. 
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Fig. 5.8 NaOH consumption amounts for mPEG-G1.0 PAMAM-T30, mPEG-G1.0 

PAMAM-T50, mPEG-G1.0 PAMAM-T70, mPEG-G2.0 PAMAM-T30, mPEG-G3.0 

PAMAM-T30, G1.0 PAMAM-T30, mPEG-T and free TEMPO 

 

5.3.3.2  Cellulose oxidation degree 

The carboxyl content of oxidative cellulose can be used to characterize its degree of 

oxidation. Therefore, when the oxidation time is fixed (4 h), the carboxyl content can 

be used to evaluate the catalytic activity of the TEMPO-based oxidation catalyst. The 
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carboxyl content of the samples was measured by conductance titration. The carboxyl 

content of G1.0 PAMAM-T30 oxidized cellulose was 1.45 mmol/g (Fig. 5.9), i.e. 

equivalent to the free TEMPO level, because G1.0 PAMAM-T30 has excellent water-

solubility and a small molecular size. When G1.0 PAMAM-T30 was modified with 

mPEG1000 to give mPEG-G1.0 PAMAM-T30, the catalytic performance was 

decreased and mPEG-G1.0 PAMAM-T30 oxidized cellulose was 1.22 mmol/g, which 

is equivalent to 84% of the free TEMPO level. However, this was still higher than other 

reported TEMPO immobilized macromolecular catalysts (0.86 mmol/g when using 

P(AA-co-TA) as the catalyst [31], and 1.11 mmol/g with PVAm-T as the catalyst [34]). 

The catalytic oxidation performance of mPEG-G1.0 PAMAM-T30 was significantly 

higher than that of mPEG-T, which only produced oxidized cellulose with a carboxyl 

content of 0.80 mmol/g. This further confirmed that water solubility is a key factor in 

the catalytic oxidation properties of the TEMPO immobilized catalysts. 
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Fig. 5.9 Carboxyl content of oxidized cellulose samples obtained with macromolecular 

TEMPO catalysts and free TEMPO 
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5.3.3.3  DP of oxidized cellulose 

TEMPO mediated selective catalytic oxidation of cellulose under alkaline conditions 

shows a high level of oxidative activity, but also causes severe degradation of cellulose. 

The main reason for cellulose degradation during TEMPO mediated oxidation is a β-

elimination reaction. Another reason is a small amount of C6 aldehydes and C2/C3 

ketones formed by the non-specific cellulose oxidation of NaClO/NaBr, as these by-

products will cause depolymerization of cellulose when it is in a copper 

ethylenediamine solution for testing DP [30]. After post-reduction treatment of 

oxidized cellulose with NaBH4, the C6 aldehydes and C2/C3 ketones can be removed. 

This prevents oxidized cellulose from degrading when testing DP, and the measured 

DP is generally higher than that of the unreduced sample. This difference can be used 

to evaluate the selectivity of the cellulose oxidation reaction. It was found that the DP 

of TOC was only 59, and the corresponding DD was about 63%. After post-reduction 

treatment, the DP increased to 87, which indicates that TEMPO mediated oxidation of 

cellulose generated a large amount of C6 aldehydes and C2/C3 ketones.  

 

Compared with TEMPO oxidized cellulose, G1.0 PAMAM-T30 oxidized cellulose 

gave a similar carboxyl content and increased DP (78). In particular, its DP was 

significantly increased to 116 after post-reduction, which indicates that PAMAM 

immobilized TEMPO with a unique molecular structure has the potential to limit 

cellulose degradation. When the TEMPO loading degree was increased to 70% (G1.0 
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PAMAM-T70), the macromolecular size increased and the water-solubility decreased, 

resulting in a decrease in the degree of oxidation and the degree of degradation. mPEG-

G1.0 PAMAM-T30 gave the same cellulose oxidation degree with G1.0 PAMAM-T70. 

However, the cellulose degradation degree of the former was inhibited and the DP of 

mPEG-G1.0 PAMAM-T30 oxidized cellulose reached 110. Interestingly, the DP was 

almost unchanged after post-reduction, and similar results were found when the 

TEMPO loading degree was increased to 50% (mPEG-G1.0 PAMAM-T50). Therefore, 

modified G1.0 PAMAM immobilized TEMPO can significantly reduce the occurrence 

of side reactions during the cellulose oxidation process, which indicates that it had high 

cellulose oxidation selectivity. 

 

Table 5.3 Carboxyl content and DP results of oxidized cellulose samples obtained with 

mPEG-G1.0 PAMAM-Tx and other mediators 

Samples Carboxyl 

content 

DP DP after post-

reduction 

TEMPO oxidized cellulose 1.46 59 87 

G1.0 PAMAM-T30 oxidized cellulose 1.45 78 116 

G1.0 PAMAM-T70 oxidized cellulose 1.22 95 106 

mPEG-G1.0 PAMAM-T30 oxidized cellulose 1.22 110 113 

mPEG-G1.0 PAMAM-T50 oxidized cellulose 0.83 95 99 

 

5.3.4  Recyclability 

The introduction of mPEG can give mPEG-Gn PAMAM-Tx appropriate oil solubility, 

thus allowing it to be recycled by extraction. After separating the oxidized cellulose by 

centrifugation, the macromolecular catalyst was extracted by adding DCM to the 
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upward supernatant, which was then recovered by precipitation. (See Fig. 5.10.) 

 

 

Fig. 5.10 Schematic recycling process of mPEG-G1.0 PAMAM-Tx 
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Fig. 5.11 FT-IR spectra of mPEG-G1.0 

PAMAM-T30 before and after recovery 

Fig.5.12 Recyclability of mPEG-G1.0 PA 

MAM-T30 for cellulose oxidation 

 

The recovered mPEG-G1.0 PAMAM-T30 was characterized by means of FT-IR and 

its structure was seen to have remained unchanged. (See Fig. 5.11.) The recycled 

catalyst was re-used in the next oxidation. It was found that the catalytic oxidation 

performance had not decreased after four oxidation cycles (Fig. 5.12). 
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5.4  Comparison of mPEG-G1.0 PAMAM-Tx and other 

water-soluble immobilized TEMPO catalysts for cellulose 

oxidation 

mPEG-G1.0 PAMAM-Tx and other reported water-soluble macromolecular catalysts, 

including P(AA-co-TA) [31], Gn PAMAM-Tx [32,33], PVAm-T [34], mPEG-T [35] 

and mPEG-G1.0 PAMAM-Tx were compared for selective oxidation of cellulose. The 

chemical structure of these catalysts is shown in Fig. 5.13. 

 

 

Fig. 5.13 Chemical structure of the macromolecular catalysts  

 

Cellulose oxidation is a diffusion-controlled reaction in the TEMPO/NaBr/NaClO 

system, in which the TEMPO species can oxidize the cellulose surface and also enter 

the pores of cellulose to oxidize the interior parts of cellulose. The average pore volume 

of cellulose is in the range of 2-20 nm [36]. The non-charged hydrophobic TEMPO 

moieties with no special affinity for cellulose surface can shuttle freely inside the 



 

126 

cellulose (Fig. 5.14). When converted into the positively charged species (TEMPO+) 

[37], they attract carboxylate cellulose and are prone to oxidation of cellulose. The 

result is that the oxidation performance of free TEMPO is excellent. The carboxyl 

content of TEMPO oxidized cellulose was up to 1.46 mmol/g.  

 

The mPEG-T also contains a positive charge due to the presence of free TEMPO. 

However, the introduction of a PEG chain cannot increase the water solubility and 

diffusion capacity of TEMPO, and the large molecular size tends to reduce its catalytic 

activity. The carboxyl content of mPEG-T oxidized cellulose was only 0.80 mmol/g. 

The P(AA-co-TA) with negatively charged carboxyl repels the oxidized cellulose, 

resulting in poor performance of oxidized cellulose (equivalent to about 59% of the free 

TEMPO level).  

 

G1.0 PAMAM-Tx, PVAm-T and mPEG-Gn PAMAM-T with the positive charge of 

TEMPO+ and -NH2 were more easily adsorbed onto the negatively charged cellulose to 

induce the oxidation reaction. (See Fig. 5.15.) The carboxyl content of the resultant 

oxidized cellulose was 1.45 mmol/g for G1.0 PAMAM-T30, 1.114 mmol/g for PVAm-

T-55 and 1.22 mmol/g for PEG1000-G1.0 PAMAM-T30, equivalent to 99%, 76% and 

84% of the free TEMPO level, respectively. The difference in activity is primarily the 

result of the different molecular sizes. G1.0 PAMAM-Tx is about 1.4 nm and can freely 

enter the micropores of cellulose. It had a catalytic oxidation performance similar to 

that of free TEMPO. PVAm-T has a molecular size of about 15 nm and mPEG-Gn 
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PAMAM-T with a molecular size of about 17 nm tend to be absorbed on the cellulose 

surface by electrostatic attraction in order for the oxidation reaction to occur. It is 

difficult for these two to enter the interior of cellulose, resulting in them having lower 

catalytic activity than TEMPO. 

 

 

 

 

Fig. 5.14 The distribution of TEMPO, mPEG-T, P(AA-co-TA), Gn PAMAM-Tx, PVAm-T 

and mPEG-Gn PAMAM-Tx on nanopores of cellulose during the oxidation process 
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Fig. 5.15 Carboxyl content of oxidized cellulose with macromolecular TEMPO catalysts 

and free TEMPO 

 

0 5 10 15 20 25
0

5

10

15

20

25

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

0
.5

M
 N

a
O

H
 c

o
n

s
u

m
p

ti
o

n
 (

m
L

)

Reaction time (h)

 

 

0
.5

M
 N

a
O

H
 c

o
n
s
u
m

p
ti
o
n
 (

m
L
)

Reaction time (h)

 TEMPO

 G1.0 PAMAM-T30

 P(AA-co-TA)-26.43

 PVAm-P-T-55

 mPEG1000-T

 mPEG1000-G1.0 PAMAM-T30

 

 

0 5 10 15 20 25

0

10

20

30

40

50

60

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

0

10

20

30

40

50

60

0
.5

M
 N

a
O

H
 c

o
n
s
u
m

p
ti
o
n
 r

a
te

 (
m

L
/h

)

Reaction time (h)

 

0
.5

M
 N

a
O

H
 c

o
n

s
u
m

p
ti
o

n
 r

a
te

 (
m

L
/h

)

Reaction time (h)

 TEMPO

 G1.0 PAMAM-T30

 P(AA-co-TA)- 26.43

 PVAm-P-T-55

 mPEG1000-T

 mPEG1000-G1.0 PAMAM-T30

 

 

Fig. 5.16 (a) NaOH consumption and (b) the NaOH consumption rate of water-soluble 

immobilized TEMPO and free TEMPO 

 

The oxidation rates of these water-soluble immobilized TEMPO mediators were also 

studied and compared with that of TEMPO. For the cellulose oxidation method used in 
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this work, the oxidation rate can be evaluated by measuring the NaOH consumption 

during cellulose oxidation. The NaOH was used to maintain the pH of the reaction 

mixture at 10.5. As seen in Fig. 5.16, at the initial stage of the reaction (within 1 h), 

G1.0 PAMAM-T30, PVAm-P-T-55 and mPEG-G1.0 PAMAM-T30 had a faster 

oxidation rate than free TEMPO, while the other immobilized TEMPO catalysts had a 

slower oxidation rate than TEMPO.  

 

In terms of the reaction mechanism of the TEMPO mediated oxidation of cellulose, the 

effective contact between TEMPO moieties and cellulose hydroxyl groups is a 

necessary condition for the oxidation reaction to proceed. Therefore, it can be inferred 

that the highly positively charged G1.0 PAMAM-T30, PVAm-P-T-55 and mPEG-G1.0 

PAMAM-T30 contact the carboxyl groups generated by the oxidation of the hydroxyl 

groups on the cellulose surface, due to electrostatic attraction. This triggers the 

oxidation reaction. In the middle and late oxidation stages, the TEMPO reaction rate 

was faster than that of all the macromolecular catalysts, possibly because the initial 

oxidation occurred on the surface of cellulose, and the diffusion rates of catalysts with 

different physical sizes were similar on the surface of the cellulose. The high local 

TEMPO concentration of the macromolecule catalyst promotes its regeneration. After 

the reaction proceeded to the middle and later stages, the reaction occurred mainly in 

the inner pores of the cellulose, which demonstrates the advantage of the small size of 

free TEMPO. These results are consistent with the carboxyl content results indicated 

above. Therefore, the catalytic oxidation performance of the catalyst depends on its 
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charge type, physical size, chain structure and TEMPO loading density. 

 

TEMPO mediated oxidation of cellulose often leads to serious degradation of the 

cellulose under alkaline conditions. The DP of raw cellulose was about 160, and the 

value of TEMPO oxidized cellulose was significantly decreased to about 55-72 (Table 

5.4 and Fig. 5.17), i.e. equivalent to 55%-66% degradation degree. When the catalysts 

were applied to catalyze the oxidation of cellulose, the depolymerization of cellulose 

was inhibited. The DP of P(AA-co-TA), PVAm-T, mPEG-T, Gn PAMAM-Tx and 

mPEG-Gn PAMAM-Tx oxidized cellulose was higher than that of the TOC and the 

value recorded was 75-94, 117-126, 95-105, 90-115 and 89-121 respectively, which is 

equivalent to a degradation degree of 41%-53%, 21%-27%, 34%-41%, 28%-44% and 

24%-44%, respectively. This may be because the macromolecular catalyst is confined 

primarily to the outer surface of porous cellulose, which inhibits cellulose degradation 

to a certain extent. PVAm-T caused the least cellulose degradation. This suggests that 

the degradation of cellulose may be closely related to the chain structure of the 

macromolecular catalyst.  

 

Table 5.4 Comparison of the degree of degradation during cellulose oxidation using a 

macromolecular TEMPO catalyst compared to TEMPO  

TEMPO-containing catalyst DP 
Degradation degree 

% 

TEMPO 55-72 55-66 

P(AA-co-TA) 75-94 41-53 

Gn PAMAM-Tx 90-115 28-44 

mPEG-T 95-105 34-41 



 

131 

PVAm-T 117-126 21-27 

mPEG-Gn PAMAM-Tx 89-121 24-44 
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Fig. 5.17 Effect of carboxyl content on the DP of oxidized cellulose when using different 

catalysts 

 

Table 5.5 Recovery methods used with macromolecular TEMPO catalysts 

TEMPO-containing catalysts  Recovery method 

TEMPO --- 

P(AA-co-TA) Adjusting the pH 

Gn PAMAM-Tx Salting-out extraction 

mPEG-T DCM extraction 

PVAm-T Dialysis 

mPEG-Gn PAMAM-Tx DCM extraction 

 

TEMPO is a toxic reagent that can pollute water if it is discarded into the environment. 
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TEMPO can be recovered by loading it onto carries, and the recovery process of the 

immobilized TEMPO catalyst is mainly determined by the characteristics of the carrier 

[38]. As shown in Table 5.5, the P(AA-co-TA) catalyst can be recovered as a result of 

the pH sensitivity of PAA. The Gn PAMAM-Tx catalyst is recovered by salting-out 

extraction, but the recovery process is complex. The catalyst PVAm-T was recovered 

from the supernatant by dialysis. The recovery process is simple but time-consuming. 

mPEG-T and mPEG-Gn PAMAM-Tx can be recovered by DCM extraction, which is a 

simple and convenient process.  

 

5.5  Conclusion 

The water-soluble mPEG-Gn PAMAM-T catalyst was prepared and used as a catalyst, 

instead of free TEMPO, for selective catalytic oxidation of cellulose. The effects of 

TEMPO loading degree and PAMAM generation on the reaction rate, the degree of 

oxidation and the degree of depolymerization were investigated. The results showed 

that the catalytic oxidation performance of mPEG-G1.0 PAMAM-Tx was up to 83.5% 

of that of the free TEMPO level. Furthermore, this immobilized polymer catalyst can 

alleviate the cellulose degradation degree to a certain extent. The catalyst can easily be 

recycled by means of extraction, and the catalytic performance was not reduced after 

four oxidation cycles. Furthermore, it was found that the chain structure, charge type 

and molecular dimensions of the macromolecular catalysts were the main factors 

affecting the catalytic oxidation properties.  
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CHAPTER 6 THE OXIDIZED 

CELLULOSE/NANO-Fe3O4 COMPOSITE 

FOR EFFICIENT ADSORPTION OF Pb2+ 

(Note: This work was published in the Journal of Nanoparticle Research. DOI: 

10.1007/s11051-020-04904-9) 

 

6.1  Introduction 

TEMPO is a toxic reagent that cannot be discarded directly into the environment 

without complex post-processing. One way to address this issue is to immobilize 

TEMPO on carriers for recycling [1-8]. Another way is to immobilize TEMPO on 

oxidized cellulose, so that the oxidation process can be coupled with grafting or 

crosslinking modification in one step. Pelton et al. prepared polyvinylamine (PVAm)-

TEMPO by loading TEMPO onto PVAm chains. PVAm-TEMPO can be spontaneously 

adsorbed onto cellulose and oxidizes the C6 hydroxyl to aldehyde groups that react with 

-NH2 on PVAm to form covalent bonds. This can increase adhesion between wet 

cellulose surfaces [9-13]. Some of the negative environmental impacts of water-soluble 

TEMPO mediated oxidation of cellulose are minimized, because the cationic polymers 

fix TEMPO moieties on the cellulose surface. 

 

In recent years, magnetic cellulosic adsorbents that can be recovered easily using an 

external magnetic field have been developed [14-17]. Compared with common 

cellulosic materials, TOC has a smaller size and abundant hydrophilic groups, resulting 
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in it being well dispersed in water and thus difficult to recover. PAMAM is a 

nanomaterial with a three-dimensional structure that has been used to modify magnetic 

nanoparticles, in order to endow them abundant terminal amino groups, which can be 

used as the carrier to support catalysts and other reagents [18]. Recently, PAMAM 

immobilized TEMPO (Gn PAMAM-Tx) modified magnetic Fe3O4 nanoparticle (MNP) 

called Gn PAMAM-Tx-MNP that was developed for catalyzing oxidation of poly 

(ethylene glycol) [19]. It showed good catalytic oxidation performance and was easily 

recovered using an external magnetic field. 

 

In this section of the study, Gn PAMAM-Tx-MNP catalysts with different PAMAM 

generations and different degrees of TEMPO loading were prepared and used to prepare 

oxidized cellulose. After oxidation, the NH2 groups on Gn PAMAM-Tx-MNP can 

combine with the carboxyl groups on oxidized cellulose through electrostatic action. 

GLA was then added to react with the -NH2 groups on Gn PAMAM-Tx-MNP and -OH 

groups on oxidized cellulose to produce a TOC/nano-Fe3O4 composite (TOC-Gn 

PAMAM-Tx-MNP). TOC-Gn PAMAM-Tx-MNP was used as a recoverable adsorbent 

for removing Pb2+ in water. This strategy has three potential benefits: (1) Compared 

with free TEMPO mediated oxidation of cellulose, Gn PAMAM-Tx-MNP as the 

catalyst can inhibit cellulose degradation to a certain extent, to give TOC with a high 

mechanical performance. (2) Using Gn PAMAM-Tx-MNP as the crosslinker for 

crosslinking TOC can give the composite magnetic properties, address its separation 

issue and further improve its mechanical strength. (3) TEMPO is fixed onto the 
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composite to avoid complex post-processing. 

 

6.2  Experiment 

6.2.1  Preparation of Gn PAMAM-Tx-MNP  

Gn PAMAM-Tx-MNP catalysts (n represents the generation of PAMAM and x 

represents the degree of TEMPO loading) were prepared as per our previous work, but 

with minor modifications [20]. 

 

6.2.1.1  Preparation of MNP 

At 25 ℃, FeCl2·4H2O (1.0 g, 5 mmol), FeCl3·6H2O (2.7 g, 10 mmol) and water (50 

mL) were placed in a 500 mL three-necked flask. After stirring for 10 min, 0.4 M 

ammonium hydroxide solution (190 mL) was added until the pH reached pH=10. The 

temperature was then raised to 80 ℃. After 30 min, the solid that was obtained was 

washed with water and lyophilized to give MNP. 

 

6.2.1.2  Preparation of Gn PAMAM-MNP 

(1)  MNP-APTS 

MNP (1.0 g) was dispersed into ethanol (100 mL) using ultrasound. APTS (5 mL, 0.02 

mol) was then added. After being reacted at 60 ℃ for 7 h, the product of MNP-APTS 

was obtained by magnetic separation and vacuum drying. 

 

(2)  Gn PAMAM-MNP 
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MNP-APTS (1.0 g) and MA (10 mL, 0.11 mol) were ultrasonically dispersed into 

methanol (25 mL) and mechanically stirred for 24 h at 25 ℃. After magnetic separation 

and vacuum drying, G0.5 PAMAM-MNP was obtained. Ethylenediamine (2 mL, 0.03 

mol) and G0.5 PAMAM-MNP was dispersed into methanol (10 mL) and reacted for 24 

h to give G1.0 PAMAM-MNP. These steps were repeated to obtain Gn PAMAM-MNP 

(n=1.0, 2.0, 3.0, 4.0, 5.0). 

 

6.2.1.3  Preparation of Gn PAMAM-Tx-MNP 

The synthesis method used for 4-oxo-TEMPO was provided in previous work [20-22]. 

G1.0 PAMAM-MNP (1.0 g, 0.41 mmol -NH2) and 4-oxo-TEMPO (the molar ratio of 

4-oxo-TEMPO to -NH2 of G1.0 PAMAM-MNP was from 0.15 to 1.35) were added to 

methanol (80 mL) at 40 ℃. Then NaBH3CN with the same molar amount of 4-oxo-

TEMPO was added in three equal parts (3 h, 24 h, 48 h after the reaction was started). 

After 96 h, the product that was obtained was washed with methanol and dried to give 

G1.0 PAMAM-Tx-MNP. Gn PAMAM-Tx-MNP (n=1.0, 2.0, 3.0, 4.0 and 5.0). The 

catalysts were prepared using different generations of Gn PAMAM-MNP as carriers. 

 

6.2.2  Preparation of oxidized cellulose/nano-Fe3O4 composite  

6.2.2.1  Selective oxidation of cellulose using Gn PAMAM-Tx-MNP as the catalyst 

Gn PAMAM-Tx-MNP (containing 0.24 mmol TEMPO), NaBr (0.028g, 0.27 mmol), 

cellulose (1.0 g) and water (70 mL) were placed in a three-necked flask under 

mechanical agitation. An aqueous NaClO solution (7.44 g, 5 mmol/g cellulose) was 
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added to start the reaction at 65 ℃. During the reaction, a 0.5 mol/L NaOH solution 

was added to maintain pH=10.5. When the pH of the reaction mixture stopped changing, 

10 mL ethanol was added to quench the reaction. The suspension was centrifuged, and 

the precipitate was freeze-dried for 24 h to obtain the mixture comprising TOC and Gn 

PAMAM-Tx-MNP. 

 

6.2.2.2  Cross-linking the mixture of TOC and Gn PAMAM-Tx-MNP 

The freeze-dried TOC and the Gn PAMAM-Tx-MNP mixture (1.0 g) was dispersed 

into methanol (50 mL), and then mechanically stirred at 30 ℃ for 30 min. A 2% GLA 

solution (2 mL) was added. During the reaction, a 0.01 mol/L NaOH solution was added 

to adjust to pH=8. After 1 h, a 0.01 M NaBH4 aqueous solution (50 mL) was added and 

stirred at 25 ℃ for 6 h. The product was centrifuged and immersed in 1 M cold 

CH3COOH for 1 h. After being centrifuged and washed with water, the product was 

freeze-dried to produce the magnetic TOC/nano-Fe3O4 composite called TOC-Gn 

PAMAM-Tx-MNP. 

 

6.2.3  Adsorption of Pb2+ by TOC-Gn PAMAM-Tx-MNP 

Pb(NO3)2 (0.025 g, 0.12 mmol) was added to distilled water (100 mL). After the pH 

was adjusted to 5, TOC-Gn PAMAM-Tx-MNP (0.1 g) was added at 25 ℃ [23, 24]. 

After stirring for 1 h, TOC-Gn PAMAM-Tx-MNP was recovered using an external 

magnetic field.  
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6.2.4  Desorption of Pb2+ from TOC-Gn PAMAM-Tx-MNP 

The dried TOC-Gn PAMAM-Tx-MNP after Pb2+ adsorption (0.1 g) was put into a 0.1 

M HCl solution (100 mL). After stirring for 1 h at 25 ℃, TOC-Gn PAMAM-Tx-MNP 

was recovered using an external magnetic field. 

 

6.3  Results and Discussion 

6.3.1  Preparation route of TOC-Gn PAMAM-Tx-MNP 

MNP agglomerates easily [25]. PAMAM modified MNP with good dispersion and a 

unique three-dimensional structure can reduce agglomeration. In addition, the presence 

of abundant primary amines increases the amount of TEMPO loading. For this reason, 

Gn PAMAM-MNP is an ideal carrier for the preparation of a recoverable nitroxide 

catalyst with a high TEMPO loading amount [26-34]. The preparation process of Gn 

PAMAM-Tx-MNP is shown in Fig. 6.1. First, MNP was prepared using the 

coprecipitation method; it was then modified by APTS to obtain MNP-APTS. Gn 

PAMAM-MNP was prepared by means of the continuous Michael addition and ester 

aminolysis reactions. Finally, the TEMPO was fixed on Gn PAMAM-MNP to obtain 

Gn PAMAM-Tx-MNP.  

 

These Gn PAMAM-Tx-MNP catalysts were used to catalyze the oxidation of cellulose 

to prepare oxidized cellulose. After oxidation, a mixture of TOC and Gn PAMAM-Tx-

MNP was obtained, which contained a large number of carboxyl and amino groups, and 

it was crosslinked with GLA. As shown in Fig. 6.2, the one aldehyde group of GLA 
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can react with the hydroxyl group on TOC to form the acetal linkage, while the other 

aldehyde group can react with the NH2 group on PAMAM to form the imine linkage. 

After the imine bonds were reduced to amino groups by NaBH4, the crosslinked 

TOC/nano-Fe3O4 composite was obtained and designated as TOC-Gn PAMAM-Tx-

MNP. The carboxyl groups of TOC and the residual NH2 groups of Gn PAMAM-Tx-

MNP provided heavy metal ion adsorption sites for TOC-Gn PAMAM-Tx-MNP.  

 

 

Fig. 6.1 Preparation process of Gn PAMAM-Tx-MNP 

 

 

Fig. 6.2 Preparation process of TOC-Gn PAMAM-Tx-MNP 
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6.3.2  Characterization of Gn PAMAM-Tx-MNP 

The structures of MNP and Gn PAMAM-MNP were analyzed by means of TEM and 

TGA. The structure of Gn PAMAM-Tx-MNP was characterized using FT-IR, and the 

TEMPO loading amount of Gn PAMAM-Tx-MNP was determined using UV-vis. 

 

6.3.2.1 TEM 

Fig. 6.3 shows the TEM images of MNP and PAMAM-modified MNP. PAMAM-

modified MNP had better dispersion than MNP, because PAMAM is more soluble in 

water and has spatial stability due to its unique three-dimensional structure [35, 36]. 

This reduced the aggregation. However, it was not easy to observe the PAMAM coating 

layer on the MNP surface directly, because the soluble PAMAM is transparent to TEM. 

 

    

MNP G3.0 PAMAM-

MNP 

G5.0 PAMAM-MNP 

Fig. 6.3 TEM images of MNP, G3.0 PAMAM-MNP and G5.0 PAMAM-MNP 

 

6.3.2.2 XRD 

The MNP curve showed six characteristic peaks of Fe3O4 at 30.1°, 35.7°, 43.1°, 53.4°, 

56.9° and 62.5°, corresponding to the crystal faces of (220), (311), (400), (422), (511) 
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and (440) [39-41]. The MNP crystal structure of modified G5.0 PAMAM-Tx-MNP did 

not change. On the basis of the Debye-Scherrer equation, using the width of most 

intense diffraction line, the average crystallite size for MNP was found as 10 nm (Fig. 

6.4). 
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Fig. 6.4 XRD patterns of MNP and G5.0 PAMAM-Tx-MNP 

 

6.3.2.3 TGA 

Fig. 6.5 shows the TGA curves of MNP and PAMAM modified MNP. The amount of 

organic coating on the surface of MNP can be estimated according to the mass loss of 

the test sample with temperature change. The small mass loss (0.83%) of MNP should 

be the loss of water during heating. The average crystallite size of the magnetic 

nanoparticles was about 10 nm, and the thermogravimetric mass loss of MNP-APTS 

was 2.734%. The loading capacity of APTS in MNP-APTS, calculated using Equation 

6-1, was 0.221 mmol/g [37]. The molar amount of -NH2 on the surface of Gn PAMAM-
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MNP was obtained by acid-base titration analysis. These are listed in Table 6.1. The 

mass loss of PAMAM-modified MNP increased with an increase in dendrimer 

generation. However, the mass loss of high generation samples was much lower than 

the theoretical value, which indicates the formation of an imperfect dendritic structure. 

This may be due to the spherical structure of the high-generation PAMAM, resulting in 

produce greater spatial interference of dendrimers on the Michael addition reaction and 

the ester amination reaction. 
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Fig. 6.5 TGA curves of MNP and PAMAM modified MNP 

 

N𝐴𝑃𝑇𝑆 =
𝑤𝑁𝑎𝜌

4

3
𝜋𝑅3

(1−𝑤)𝑀𝐴𝑃𝑇𝑆
                                       Equation 6-1 

Where:  

𝑁𝐴𝑃𝑇𝑆 is the number of APTS on each MNP particle; 

𝑅 is the mean radius of MNP; 

𝜌 is the density of magnetite MNP; 
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𝑁𝑎 is the Avogadro constant; 

𝑀𝐴𝑃𝑇𝑆 is the relative molecular mass of APTS; 

w is the mass loss. 

 

Table 6.1 Mass loss and molar amounts of amino groups in PAMAM modified MNP 

 
Mass loss 

% 

Theoretical mass loss 

% 

Amino groups 

mmol/g 

MNPs 0.83 ---- 0 

MNP-APTS 2.73 ---- 0.221 

G1.0 PAMAM-MNP 7.01 7.30 0.409 

G2.0 PAMAM-MNP 15.45 15.54 0.746 

G3.0 PAMAM-MNP 26.01 28.35 1.293 

G4.0 PAMAM-MNP 40.81 45.18 1.998 

G5.0 PAMAM- 

MNP 
53.26 62.99 2.729 

 

6.3.2.4 FT-IR 

The FT-IR of MNP, MNP-APTS, G5.0 PAMAM-MNP, G5.0 PAMAM-Tx-MNP and 

4-oxo-TEMPO are shown in Fig. 6.6. The characteristic absorption peak at 587 cm-1 

attributed to the magnetite Fe-O bond was found in all samples. Compared with MNP, 

MNP-APTS had an absorption band at 986 cm-1 due to the stretching vibration of the 

Si-O bond, which confirmed the aminosilanization reaction. G5.0 PAMAM-MNP had 

an absorption band at 3264 cm-1 due to the bending vibration of the -NH2 group. The 

characteristic peaks of the C=O and NH groups in -CO-NH- were also found at 1642 

cm-1 and 1560 cm-1. These results indicated that PAMAM dendrimers were grafted onto 

the MNP surface. In the FT-IR spectrum of G5.0 PAMAM-Tx-MNP, the characteristic 
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absorption peak of N-O was found at 1368 cm-1 and the characteristic peak of the C=O 

of 4-oxo-TEMPO at 1723 cm-1 disappeared. These results demonstrated that TEMPO 

was successfully fixed to PAMAM-modified MNP [20, 21]. 
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Fig. 6.6 FT-IR spectra of MNP, MNP-APTS, G5.0 PAMAM-MNP, 4-oxo- TEMPO and 

G5.0 PAMAM-Tx-MNP 

 

6.3.2.5 UV-vis 

 

Table 6.2 Magnetic Gn PAMAM-Tx-MNP catalysts prepared in this work  

Gn PAMAM-Tx-MNP Carrier 

TEMPO 

loading 

amount 

(mmol/g) 

TEMPO 

loading 

ratio 

(%) 

Residual 

NH2 content 

(mmol/g) 

G5.0 PAMAM-T90-MNP G5.0 PAMAM-MNP 1.78 89.4 0.20 

G4.0 PAMAM-T90-MNP G4.0 PAMAM-MNP 1.40 87.3 0.16 

G3.0 PAMAM-T90-MNP G3.0 PAMAM-MNP 0.98 89.7 0.11 

G2.0 PAMAM-T90-MNP G2.0 PAMAM-MNP 0.61 89.0 0.07 

G1.0 PAMAM-T90-MNP G1.0 PAMAM-MNP 0.35 90.5 0.04 
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Gn PAMAM-Tx-MNP Carrier 

TEMPO 

loading 

amount 

(mmol/g) 

TEMPO 

loading 

ratio 

(%) 

Residual 

NH2 content 

(mmol/g) 

G1.0 PAMAM-T60-MNP 0.24 60.5 0.16 

G1.0 PAMAM-T50-MNP 0.20 49.9 0.20 

G1.0 PAMAM-T30-MNP 0.12 30.2 0.28 

G1.0 PAMAM-T10-MNP 0.04 9.8 0.37 

G3.0 PAMAM-T70-MNP 

G3.0 PAMAM-MNP 

0.79 69.8 0.34 

G3.0 PAMAM-T50-MNP 0.58 50.2 0.58 

G3.0 PAMAM-T30-MNP 0.36 30.3 0.85 

G3.0 PAMAM-T10-MNP 0.13 10.1 1.13 

 

In order to systematically study the influence of the catalyst structure on the catalytic 

performance of cellulose oxidation, a series of catalysts with different structures were 

designed and prepared, as listed in Table 6.2. As the prepared magnetic macromolecular 

polymer of Gn PAMAM-Tx-MNP was water-insoluble, the TEMPO loading amount 

of Gn PAMAM-Tx-MNP was estimated by UV-vis determination of the unreacted 4-

oxo-TEMPO content. By fixing the molar ratio of 4-oxo-TEMPO to -NH2 at 1.5 and 

changing the generation of PAMAM from G1.0~G5.0, Gn PAMAM-T90-MNP 

catalysts were prepared with a similar TEMPO loading ratio (about 90%). Using G1.0 

PAMAM-MNP as the carrier, G1.0 PAMAM-Tx-MNP catalysts with TEMPO loading 

ratios from 10% to 90% were obtained by changing the molar ratio of 4-oxo-TEMPO 

to -NH2 of G1.0 PAMAM-MNP from 0.17 to 1.50. When the TEMPO loading ratios 

were similar, Gn PAMAM-Tx-MNP prepared with a higher PAMAM generation had a 

higher TEMPO loading amount and a higher residual NH2 content. This was because 

the NH2 content of PAMAM was proportional to its generation. When the generation 
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of PAMAM was fixed, the TEMPO loading amount increased accordingly and the 

residual NH2 amount decreased as the TEMPO loading ratio increased. 

6.3.3  Preparation of TOC-Gn PAMAM-Tx-MNP 

By changing the structure of Gn PAMAM-Tx-MNP, a series of magnetic oxidized 

cellulose materials were prepared, as listed in Table 6.3. 

 

Table 6.3 TOC/nano-Fe3O4 composites prepared in this work 

TOC/nano-Fe3O4 composites 

Gn PAMAM-Tx-MNP catalysts 

Carboxyl 

content 

(mmol/g) 

NH2 

content 

(mmol/g) 
Type 

TEMPO 

loading 

amount 

(mmol/g) 

TOC-G5.0 PAMAM-T90-MNP G5.0 PAMAM-T90-MNP 1.78 0.74 0.019 

TOC-G4.0 PAMAM-T90-MNP G4.0 PAMAM-T90-MNP 1.40 0.80 0.018 

TOC-G3.0 PAMAM-T90-MNP G3.0 PAMAM-T90-MNP 0.98 0.88 0.013 

TOC-G2.0 PAMAM-T90-MNP G2.0 PAMAM-T90-MNP 0.61 0.81 0.008 

TOC-G1.0 PAMAM-T90-MNP G1.0 PAMAM-T90-MNP 0.35 0.77 0.005 

TOC-G1.0 PAMAM-T60-MNP G1.0 PAMAM-T60-MNP 0.24 0.73 0.068 

TOC-G1.0 PAMAM-T50-MNP G1.0 PAMAM-T50-MNP 0.20 0.65 0.093 

TOC-G1.0 PAMAM-T30-MNP G1.0 PAMAM-T30-MNP 0.12 0.50 0.173 

TOC-G1.0 PAMAM-T10-MNP G1.0 PAMAM-T10-MNP 0.04 0.22 0.303 

TOC-G3.0 PAMAM-T70-MNP G3.0 PAMAM-T70-MNP 0.79 0.77 0.070 

TOC-G3.0 PAMAM-T50-MNP G3.0 PAMAM-T50-MNP 0.58 0.71 0.151 

TOC-G3.0 PAMAM-T30-MNP G3.0 PAMAM-T30-MNP 0.36 0.61 0.330 

TOC-G3.0 PAMAM-T10-MNP G3.0 PAMAM-T10-MNP 0.13 0.34 0.728 

 

The effect of PAMAM generation on the carboxyl content of the TOC/nano-Fe3O4 

composite was studied by fixing the TEMPO loading ratio of the magnetic catalyst at 

90%. It was found that the carboxyl content increased at first and then decreased with 

the PAMAM generation increasing from G1.0 to G5.0. G3.0 PAMAM-T90-MNP gave 
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the highest degree of cellulose oxidation (the carboxyl content of the obtained 

TOC/nano-Fe3O4 composite was 0.88 mmol/g). As PAMAM generation increased, the 

TEMPO loading amount increased accordingly. With the same molar dosage of 

TEMPO moieties, the mass of added solid magnetic TEMPO catalyst would be 

decreased and the diffusion resistance between solid catalyst and cellulose decreased 

accordingly. However, the size of solid magnetic catalyst increased with the PAMAM 

generation, which was not conducive to its contact with the reactants. Therefore, the 

catalyst with G3.0 PAMAM modified nano-Fe3O4 as a carrier gave the best catalytic 

performance. 

 

The effect of TEMPO loading ratio on the carboxyl content of the TOC/nano-Fe3O4 

composite was then studied by fixing the PAMAM generation of the magnetic catalyst 

at G1.0 or G3.0. When the TEMPO loading ratio increased, the TEMPO loading 

amount increased accordingly, and the catalytic oxidation performance also increased. 

With similar TEMPO loading amounts (G1.0 PAMAM-T90-MNP with 0.35 mmol/g 

TEMPO loading amount) vs G3.0 PAMAM-T30-MNP with 0.36 mmol/g TEMPO 

loading amount and G1.0 PAMAM-T30-MNP with 0.12 mmol/g TEMPO loading 

amount vs G3.0 PAMAM-T10-MNP with 0.13 mmol/g TEMPO loading amount), the 

catalyst with G1.0 PAMAM as modifier gave better catalytic oxidation performance 

than that with G3.0 PAMAM as modifier, further confirming that the small catalyst size 

was conducive to improving the catalytic performance. 
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6.3.3.1 FT-IR 

Fig. 6.7 shows the FT-IR spectra of TOC, G5.0 PAMAM-T90-MNP, a TOC/G5.0 

PAMAM-T90-MNP mixture and TOC-G5.0 PAMAM-T90-MNP. The apparent 

absorption band of -COONa appeared at 1610 cm-1 in the spectrum of TOC. For the 

spectrum of Gn PAMAM-Tx-MNP, the characteristic adsorption band of the Fe-O bond 

appeared at 583 cm-1, the characteristic adsorption band of the Si-O bond appeared at 

986 cm-1, and the bending vibration band of the -NH2 group appeared at 3342 cm-1. The 

band at 1360 cm-1 was attributed to the stretching vibration absorption of N-O in 

TEMPO. These characteristic bands also existed in the mixture of TOC/Gn PAMAM-

Tx-MNP. Compared to the spectrum of the TOC/Gn PAMAM-Tx-MNP mixture, a new 

-NH- bond absorption band was present at 1540 cm-1. (The aldehyde group of GLA 

reacted with the NH2 group of Gn PAMAM-Tx-MNP to form the -C=N- linkage, which 

was then reduced to -C-NH- by NaBH4). A new -O-C-O- stretching vibration peak was 

present at 1033 cm-1, which indicates that TOC and Gn PAMAM-Tx-MNP were 

successfully crosslinked by GLA [20-22]]. 
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Fig. 6.7 FT-IR spectra of TOC, G5.0 PAMAM-T90-MNP, TOC/G5.0 PAMAM-T90-MNP 

mixture and TOC-G5.0 PAMAM-T90-MNP 

 

6.3.3.2 XRD 

The crystalline structures of RC, TOC, MNP and TOC-G5.0 PAMAM-T90-MNP were 

characterized by means of XRD (Fig. 6.8). The diffraction peaks at 14.8° and 22.6° 

assigned to crystalline cellulose I were found in the XRD patterns of RC, TOC and 

TOC-G5.0 PAMAM-T90-MNP. In addition, the TOC-G5.0 PAMAM-T90-MNP curve 

showed six characteristic peaks of Fe3O4 at 30.1°, 35.7°, 43.1°, 53.4°, 56.9° and 62.5°, 

corresponding to the crystal faces of (220), (311), (400), (422), (511) and (440) [39-41]. 

This indicates that the magnetic nanoparticles were successfully introduced into 

oxidative cellulose materials. 

 



 

156 

10 20 30 40 50 60 70 80 90

In
te

n
s
it
y
 (

a
.u

.)

2 theta degree

RC

TOC

MNP

TOC-G5.0 PAMAM

-T90-MNP

220

311

400
422

511
440

101

002

 

 

Fig. 6.8 XRD patterns of RC, TOC, MNP and TOC-G5.0 PAMAM-T90-MNP 

 

6.3.3.3 TEM 

TEM images of MNP, Gn PAMAM-MNP and TOC-G5.0 PAMAM-T90-MNP are 

shown in Fig. 6.9. It can be seen that the particle size of MNP is about 20 nm (Fig. 

6.8(a)) and G5.0 PAMAM-MNP shows good dispersion (Fig. 6.9(b)). After being 

crosslinked with TOC, the magnetic particles were linked to the rod-like oxidized 

cellulose and the particle size did not change (Fig. 6.8(c)). 

 

    

(a) MNP (b) G5.0 PAMAM-

MNP 

(c) TOC-G5.0 PAMAM-T90-MNP 

Fig. 6.9 TEM images of: (a) MNP; (b) G5.0 PAMAM-T90-MNP; (c) TOC-G5.0 PAMAM-

T90-MNP 
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6.3.3.4 TGA 

Fig. 6.10 shows the TGA curves of TOC, G5.0 PAMAM-T90-MNP and TOC-G5.0 

PAMAM-T90-MNP. Compared with TOC, the thermal stability of the magnetic 

composite had improved. This may be because the metal particles were mixed with 

some polymer chains in the crystal lattice, which prevented early degradation. 9.40% 

of residue (carbon and ash) was found after the decomposition of TOC. The magnetic 

nanoparticles in G5.0 PAMAM-T90-MNP and TOC-G5.0 PAMAM-T90-MNP are 

inorganic Fe3O4, which cannot be decomposed within 800 ℃. The residues (carbon, 

ash and Fe3O4) of G5.0 PAMAM-T90-MNP and TOC-G5.0 PAMAM-T90-MNP were 

18.67% and 10.50%, respectively. Thus, it was estimated that the mass ratio of TOC 

and G5.0 PAMAM-T90-MNP in TOC-G5.0 PAMAM-T90-MNP was about 7.39:1, 

which was close to the feeding ratio of cellulose and G5.0 PAMAM-T90-MNP (7.42:1). 
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Fig. 6.10 TGA curves of TOC, G5.0 PAMAM-T90-MNP and TOC-G5.0 PAMAM-T90-MNP 
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6.3.4  Pb2+ adsorption performances of TOC-Gn PAMAM-Tx-MNP 

Abundant carboxyl groups (derived from TOC) and a small amount of NH2 groups 

(derived from PAMAM) in TOC-Gn PAMAM-Tx-MNP provided potential adsorption 

sites for heavy metal ions. In order to understand the Pb2+ adsorption capacity of the 

carboxyl group and the amino group, the Pb2+ adsorption performances of TOC with 

different carboxyl contents and PAMAM of different generations were evaluated. As 

indicated in Table 6.4, the Pb2+ adsorption capacity was proportional to the carboxyl 

content of TOC. The NH2 content of PAMAM was approximately one order of 

magnitude higher than the carboxyl content of TOC. However, the Pb2+ adsorption 

capacity of the former was only about twice as high as the latter.  

 

These results indicated that the carboxyl group in TOC had a high binding affinity for 

Pb2+. TOC-Gn PAMAM-Tx-MNP with large amounts of carboxyl groups should have 

excellent Pb2+ adsorption performance and can be effectively recovered by magnetic 

separation. Based on this assumption, the Pb2+ adsorption properties of this magnetic 

recoverable adsorbent were systematically investigated.  

 

Table 6.4 Pb2+ adsorption capacities of TOC and PAMAM  

Adsorption materials 

Carboxyl 

content 

(mmol/g) 

NH2 

content 

(mmol/g) 

Pb2+ adsorption capacity 

(mg Pb2+/g) 

TOC 

0.69 0 94.1 

0.98 0 119.1 

1.10 0 127.8 

1.49 0 157.9 
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G1.0 PAMAM 0 19.38 237.8 

G2.0 PAMAM 0 18.21 231.7 

G3.0 PAMAM 0 17.84 206.2 

G4.0 PAMAM 0 17.68 199.2 

G5.0 PAMAM 0 17.61 194.4 

 

6.3.4.1  Effect of initial Pb2+ concentration on Pb2+ adsorption 

The initial Pb2+ concentration provides the necessary driving force to overcome the 

mass transfer resistance of Pb2+ between the aqueous and solid phases. Using TOC-

G5.0 PAMAM-T90-MNP as the adsorbent, the effect of initial Pb2+ concentration in 

the range 100 to 500 mg/L on Pb2+ adsorption capacity was investigated at pH=5. With 

an increase in the initial Pb2+ concentration, the Pb2+ adsorption capacity increased (Fig. 

6.11). When the initial concentration was over 250 mg/L, the growth of the adsorption 

capacity slowed down. Therefore, 250 mg/L was set as the initial Pb2+ concentration in 

the following adsorption study. 
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Fig. 6.11 Effect of initial Pb2+ concentration on Pb2+ adsorption of TOC-G5.0 PAMAM-T90-

MNP 
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6.3.4.2  Effect of adsorption time on Pb2+ adsorption 

Under the condition of pH=5 and an initial Pb2+ concentration of 250 mg/L, the effect 

of adsorption time on Pb2+ adsorption of TOC-G5.0 PAMAM-T90-MNP was 

investigated. Fig. 6.12 illustrates that the Pb2+ concentration decreased sharply in the 

first 5 minutes, which indicates that the adsorbent had a high adsorption rate for Pb2+. 

When the adsorption time was further extended, the Pb2+ concentration slowly 

decreased and the adsorption equilibrium was reached at about 30 min, because most 

of the active adsorption sites had been occupied by Pb2+.  
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Fig. 6.12 Effect of adsorption time on Pb2+ adsorption of TOC-G5.0 PAMAM-T90-MNP 

 

6.3.4.3  Adsorption kinetics and capacities 

The kinetic curves and Pseudo-second order sorption kinetics of Pb2+ adsorption with 

RC, TOC, TOC-G5.0 PAMAM, G5.0 PAMAM-T90-MNP and TOC-G5.0 PAMAM-
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T90-MNP were analyzed and compared. It was found that the adsorption processes of 

TOC, TOC-G5.0 PAMAM and TOC-G5.0 PAMAM-T90-MNP all conform to the 

pseudo-second-order model (Fig. 6.13). Fig. 6.14 and Table 6.5 indicated that the 

adsorption rate constants of TOC-G5.0 PAMAM-T90-MNP were very close at five 

tested initial Pb2+ concentrations. This further confirmed that Pb2+ adsorption on TOC-

G5.0 PAMAM-T90-MNP is a typical pseudo-second order process. Furthermore, the 

increase in Pb2+ concentration from 103 mg/L to 801 mg/L resulted in the initial 

adsorption rate growing from 61.35 mg/(g min) to 106.4 mg/(g min). These results 

indicated that the adsorption of Pb2+ by TOC-G5.0 PAMAM-T90-MNP was a 

chemisorption process. 

 

Table 6.5 Parameters of the pseudo-second order model for Pb2+ adsorption on TOC-G5.0 

PAMAM-T90-MNP 

Initial Pb2+ 

concentration 

mg/L 

Experimental qe 

mg/g 

Calculated qe 

mg/g 

Initial adsorption rate 

mg/(g min) 
R2 

103 74 74.07±0.7 61.35 0.999 

149 83 84.03±0.9 77.52 0.999 

250 96 96.2±0.6 79.37 0.999 

362 103 102.0±0.4 85.47 0.999 

427 106 104.2±0.4 94.34 0.999 

801 110 111.1±0.4 106.4 0.999 

 

Various low cost sorbents such as TiO2, activated carbon, zeolite, lignin, chitin, and 

raw cellulose, have been widely used in the adsorption of lead ions. The adsorption 

capacities of a series of adsorption materials reported in the literature were listed in 
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Table 6.6. It was found that the adsorption capacity of material prepared in this work 

was higher than those most other adsorption materials reported in the literature. 

 

Table 6.6 The adsorption capacities of a series of adsorption materials reported in the 

literature 

Adsorbent pH qe (adsorption 

capacity) mg/g 

Reference 

Nano-TiO2 6 7.41 [42] 

Commercial granular activated carbon --- 2.337 [43] 

Peanut shell activated carbon --- 35.5 

Zeolite 4 66.96 [44] 
Magnetically modified zeolite 4 84 

Alkaline lignin 5, T=30℃ 12.8 [45] 
Lignin xanthate resin 5, T=30℃ 62.6 

Chitin 5 22.79 [46] 
Cellulose/chitin blend materials 5 58.02 

Cellulose powder --- 55.9 [47] 

Mercerized cellulose (Cell 2, Cell 4) 6 147, 192.3 [48] 

Guanyl modified cellulose 6 52 [49] 

Thiol-functionalized cellulose nanofiber 

membrane 

4 22 [50] 

Titanium oxide-bacterial cellulose 

bioadsorbent 

7 160 [51] 

Carboxylated cellulose fabric filters 5 81.3 [52] 

Acrylic acid functionalized cellulose 4.5 55.9 [53] 

Imidazole functionalized cellulose --- 72 [54] 

Fe-Cu@CNC --- 81.94 [55] 

Magnetic CNC@Zn-benzene-1, 3, 5-

tricarboxylic acid 

--- 558.66 [56] 

Fe3O4/ATP@BCNs/Chitosan --- 67.8 [57] 
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(a) Kinetic curves of Pb2+ adsorption (b) Pseudo-second order sorption kinetics 

Fig. 6.13 (a) Kinetic curves and (b) Pseudo-second order sorption kinetics of Pb2+ 

adsorption by RC, TOC, G5.0 PAMAM-T90-MNP, TOC-G5.0 PAMAM, TOC-G5.0 

PAMAM-T90-MNP at 250 mg/L Pb2+ concentration 
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(a) Kinetic curves of Pb2+ adsorption (b) Pseudo-second order sorption kinetics 

Fig. 6.14 (a) Kinetic curves and (b) Pseudo-second order sorption kinetics of Pb2+ 

adsorption by TOC-G5.0 PAMAM-T90-MNP at various initial Pb2+ concentrations 

 

6.3.4.4  Adsorption isotherms 

The Langmuir and Freundlich models for TOC-G5.0 PAMAM-T90-MNP are shown in 

Fig. 6.15, and the adsorption isotherm parameters are listed in Table 6.7. The Langmuir 

model proved to be a good fit for the adsorption process of TOC-G5.0 PAMAM-T90-

MNP, and the fitting coefficient was over 0.999, i.e. greater than that of Freundlich 
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model (0.988). It was proved that the Pb2+ adsorption of this composite material 

conformed to the Langmuir adsorption model, which indicates that the adsorption of 

Pb2+ by TOC-G5.0 PAMAM-T90-MNP was primarily due to single molecular layer 

adsorption. According to the Langmuir model, the maximum saturation adsorption 

capacity of TOC-G5.0 PAMAM-T90-MNP was 120 mg/g. 
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Fig. 6.15 Pb2+ adsorption isotherms and fitting result using TOC-G5.0 PAMAM-T90-MNP 

 

Table 6.7 Adsorption isotherm parameters of TOC-G5.0 PAMAM-T90-MNP for Pb2+ 

adsorption 

Equations Parameters 

Langmuir qm=120 mg/g 
b=0.0156 

L/mg 
R2=0.99915 

Freundlich kF=33.243 n=5.3975 R2=0.98825 

 

6.3.4.5  Comparison of the Pb2+ adsorption properties of TOC-Gn-PAMAM-Tx-MNP 

and TOC 
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The adsorption capacity of RC, TOC, G5.0 PAMAM-T90-MNP, TOC-G5.0 PAMAM 

and TOC-G5.0 PAMAM-T90-MNP were compared under the same adsorption 

conditions. As shown in Fig. 6.16, the Pb2+ adsorption capacity of RC containing 0.02 

mmol/g carboxyl group and 6.09 mmol/g hydroxyl group was only 31 mg/g, which 

indicates that the hydroxyl group of the cellulose had a low binding affinity for Pb2+. 

The Pb2+ adsorption capacity of G5.0 PAMAM-T90-MNP with 0.20 mmol/g amino 

group was 42 mg/g, which indicates that the amino group had a higher Pb2+ adsorption 

capacity than the hydroxyl group. The Pb2+ adsorption capacity of TOC-G5.0 PAMAM 

(G5.0 PAMAM modified TOC with GLA as the crosslinker) containing 0.86 mmol/g 

carboxyl groups and 0.53 mmol/g amino groups was up to 118 mg/g, i.e. slightly higher 

than that of TOC with the same carboxyl content. This suggests that modifying TOC 

with PAMAM can improve its adsorption properties. Introduction of the water-soluble 

PAMAM could further improve the water dispersion of the TOC, thus making it more 

difficult to separate from the water. The Pb2+ adsorption capacity of TOC-G5.0 

PAMAM-T90-MNP containing 0.74 mmol/g carboxyl groups and 0.019 mmol/g NH2 

was close to that of TOC with the same carboxyl content, indicating that the 

introduction of magnetic nanoparticles did not have much of a negative impact on the 

adsorption capacity of the TOC.  

 

The above results showed that the carboxyl group played a major role in the Pb2+ 

adsorption performance of the magnetic composite, because the residual NH2 content 

in PAMAM was very low after GLA crosslinking. As shown in Table 6.4, the carboxyl 
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content of TOC prepared using Gn PAMAM-Tx-MNP as a catalyst was affected mainly 

by the structure of this dendrimer conjugated magnetic catalyst. For this reason, the 

Pb2+ adsorption performances of magnetic composites with various carboxyl contents 

prepared by Gn PAMAM-Tx-MNP catalysts with different PAMAM generations and 

TEMPO loading ratios were evaluated. 
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Fig. 6.16 Comparison of Pb2+ adsorption properties of RC, TOC, G5.0 PAMAM-T90-MNP, 

TOC-G5.0 PAMAM and TOC-G5.0 PAMAM-T90-MNP  

 

6.3.4.6  Effect of the dendrimer conjugated magnetic catalyst structure on Pb2+ 

adsorption 

By fixing the TEMPO loading ratio (about 90%), the effects of PAMAM generation on 

the carboxyl contents and Pb2+ adsorption properties of TOC-Gn PAMAM-T90-MNP 

were studied. As shown in Fig. 6.17, the Pb2+ adsorption capacity of the magnetic TOC 

adsorbent was proportional to the carboxyl content. The magnetic adsorbent prepared 

with G3.0 PAMAM modified MNP supported TEMPO as the catalyst gave the highest 
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carboxyl content (0.88 mmol/g) and Pb2+ adsorption capacity (109 mg/g).  

 

By fixing the PAMAM generation (G3.0 PAMAM), the effects of the TEMPO loading 

ratio on carboxyl content and the Pb2+ adsorption capacity of magnetic composites 

prepared by G3.0 PAMAM-Tx-MNP were studied. As shown in Fig. 6.18, with an 

increase in the TEMPO loading ratio, the carboxyl content of the magnetic composite 

obtained increased. All magnetic adsorbents had an adsorption capacity similar to TOC 

with the same carboxyl content, further confirming that the carboxyl group played a 

major role in the adsorption of Pb2+. 
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Fig. 6.17 Effects of PAMAM generation on 

carboxyl contents and Pb2+ adsorption 

properties of TOC-Gn PAMAM-T90-MNP  

Fig. 6.18 Effects of TEMPO loading ratio 

on carboxyl contents and Pb2+ adsorption 

properties of TOC-Gn PAMAM-Tx-MNP 

 

6.3.5  Cyclic adsorption and desorption 

The magnetic TOC adsorbent prepared in this work can be easily recovered using an 

external magnetic field. The adsorption-desorption experiments of TOC-G3.0 
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PAMAM-T90-MNP were conducted to determine its re-usability. 0.1 M HCl was used 

to desorb Pb2+ from this magnetic adsorbent in order to evaluate its regeneration ability. 

As shown in Fig. 6.19 the adsorption/desorption capacity of TOC-G3.0 PAMAM-T90-

MNP did not decrease significantly in the three cycles, proving that this magnetic 

adsorbent has good recycling performance. 
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Fig. 6.19 Recycling performance of TOC-G3.0 PAMAM-T90-MNP for the adsorption 

of Pb2+  

 

6.4  Conclusion 

The magnetic oxidized cellulose composite called TOC-Gn PAMAM-Tx-MNP was 

prepared using PAMAM modified nano-Fe3O4 supported TEMPO as the oxidation 

catalyst and cellulose cross-linker for efficient adsorption of Pb2+. The carboxyl content 

of TOC-Gn PAMAM-Tx-MNP was mainly affected by the structure of this dendrimer 

conjugated magnetic TEMPO catalyst. Pb2+ adsorption conformed to the Langmuir 

adsorption model. The Pb2+ adsorption capacity of the magnetic TOC adsorbent was 
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proportional to its carboxyl content. The maximum saturation adsorption capacity of 

this magnetic composite was up to 120 mg/g, which is comparable with that of TOC 

with the same carboxyl content. After three cycles of adsorption and desorption, the 

adsorption and desorption capacity of the composites were maintained at a high level, 

which indicates that the magnetic oxidized cellulose composite had good regeneration 

ability.  
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CHAPTER 7 PAMAM DENDRIMER-SILVER 

MODIFIED OXIDIZED CELLULOSE FOR 

EFFICIENT REDUCTION OF 4-

NITROPHENOL 

 

7.1  Introduction 

4-nitrophenol (4-NP) is a typical pollutant in agriculture and industrial wastewater 

[1-11]. However, its reductive form, 4-aminophenol (4-AP), is an important 

intermediate in the production of analgesic and antipyretic drugs. 4-AP is also widely 

used as a developer, corrosion inhibitor, preservative lubricant and hair colorant. 

Catalytic reduction of 4-NP to 4-AP is generally carried out in the presence of 

nanoparticle catalysts, such as gold (Au), silver (Ag), platinum (Pt), rhodium (Rh), 

bismuth (Bi) or palladium (Pd) [12-16]. Among them, Ag has always been widely used 

for its high catalytic reduction performance and low price. However, the high surface 

energy of Ag nanoparticles can lead to their instability in solution, resulting in 

aggregation and reduction or even loss of catalytic activity. Therefore, it is particularly 

important to select an appropriate stabilizer to address the aggregation issue. PAMAM 

is a dendrite macromolecule with good biocompatibility that can stably wrap Ag 

nanoparticles in cavities and so achieve uniform dispersion of Ag nanoparticles. It has 

been proven that the PAMAM-Ag composite has high catalytic activity for reducing 4-

NP to 4-AP, but the catalyst is difficult to recycle and re-use due to its high water-

solubility [17, 18]. 
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Recently, some studies combined polysaccharides with PAMAM-Ag. Dai et al. 

prepared a nanocomposite hydrogel linked between oxidized water-soluble 

polysaccharides (oxidized with sodium periodate) and cationic G5.0 PAMAM-Ag to 

research its antibacterial performance. Due to the instability of the imine bonds and the 

water-solubility of polysaccharides, it is not suitable for applications in the field of 

catalysis [19].  

 

A Pd nanoparticle catalyst was supported on a natural polymer-based hydrogel by 

cationic nanocellulose cross-linked with anionic alginate in CaCl2 solution. It was used 

as a recoverable catalyst for the Suzuki reaction and had good catalytic performance, 

but it was physically crosslinked and had poor stability [20]. Ag nanoparticles stabilized 

by an -NH2 terminated fourth generation poly(amido amine) dendrimer (DENAgNPs) 

were covalently immobilized on TEMPO oxidized cellulose by using a condensing 

agent to achieve amide bond formation between cellulose and DENAgNPs. It was used 

in the catalytic reaction of Rhodamine B. However, the preparation method was 

cumbersome and the amide bond was easily hydrolyzed [21].  

 

Since the catalytic reduction reaction of 4-NP to 4-AP takes place in a water system, 

TEMPO oxidation of cellulose is necessary to introduce carboxyl groups for purposes 

of improving the hydrophilicity [22, 23]. In this part of the study, TEMPO was first 

used to oxidize cellulose to prepare TOC with a large number of carboxyl groups. Then 



 

179 

sodium periodate was used to introduce aldehyde groups to prepare oxidized cellulose-

containing carboxyl groups and aldehyde groups (TOC-CHO). PAMAM was used as a 

template to coat Ag nanoparticles that were used to prepare PAMAM-Ag. Finally, the 

composite of TOC-PAMAM-Ag was prepared by means of an aldehyde-amine reaction 

between the aldehyde group of TOC-CHO and the amino groups of PAMAM-Ag. This 

was used for catalytic reduction of 4-NP in order to produce 4-AP efficiently. It was 

found that the imine bonds contained in TOC-PAMAM-Ag were transformed into 

stable amine bonds in the catalytic reduction process, thus making the TOC-PAMAM-

Ag stable. The influence of the catalyst loading amount and carboxyl content was 

investigated, and the cyclic catalytic performance was also evaluated. 

 

7.2  Experiment 

7.2.1  Preparation of Ag nanoparticle-immobilized oxidized cellulose 

composite of TOC-PAMAM-Ag 

7.2.1.1  Oxidation of cellulose with TEMPO  

The experimental method used was the same as that indicated in 4.2.2. By changing the 

amount of the NaClO added (1 mmol, 3 mmol, 5 mmol and 10 mmol), TOC samples 

with different types of carboxy content were obtained and named TOC1, TOC3, TOC5 

and TOC10, respectively. 

 

7.2.1.2  Oxidation of TOC with sodium periodate 

Oxidation of TOC with sodium periodate was processed according to the reported 
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method with minor modifications [24, 25]. TOC (1.0 g) was dispersed into water (50 

mL), and the pH was adjusted to 3 with 0.1 M HCl. Then a measured amount of sodium 

periodate (the molar ratio of cellulose unit to sodium periodate was 1:3) was added at 

35 ℃. After 3 h, 1 mL of glycol was added to quench the reaction. Thorough 

centrifugation, washing and freeze-drying was done and the TOC-CHO product was 

obtained. 

 

7.2.1.3  Preparation of PAMAM-Ag 

Ag nanoparticles were prepared with G4.0 PAMAM as a template. 0.1 M AgNO3 (1.6 

mL) was added to 1 mM G4.0 PAMAM (5 mL) (in a N2 environment) using a constant 

pressure drip funnel at 30 ℃. After dripping, the reaction was continued for 30 min and 

0.2 M NaBH4 (9.6 mL) was added. After 3 h, the G4.0 PAMAM-Ag aqueous solution 

was obtained. 

 

7.2.1.4  Preparation of TOC-PAMAM-Ag 

G4.0 PAMAM-Ag (4 mL) was added to TOC-CHO (0.4 g) and oscillated for 6 h. After 

centrifugation, washing and freeze-drying, TOC-PAMAM-Ag was obtained. The Ag 

loading of the composite was changed by changing the dosage of G4.0 PAMAM-Ag. 

 

7.2.2  Catalytic reaction of 4-NP by TOC-PAMAM-Ag 

The reduction of 4- nitrophenol texts was carried out based on the reported method and 

conditions [26, 27]. 12.75 mM of a 4-NP solution (30 μL), 0.2 M NaBH4 solution (350 
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μL), deionized water (2.5 mL) and a measured amount of TOC-PAMAM-Ag were 

added to a colorimetric dish at room temperature. The change in absorbance with time 

was monitored using a UV-vis spectrophotometer at λ=400 nm in a scanning range of 

250-500 nm.  

 

7.3  Results and Discussion 

7.3.1  Synthetic route of TOC-PAMAM-Ag 

As shown in Fig. 7.1, TOC-CHO was prepared by introducing an aldehyde group to 

TOC through sodium periodate oxidation. G4.0 PAMAM-Ag was prepared by coating 

G4.0 PAMAM with Ag nanoparticles. The aldehyde group of TOC-CHO and the amino 

group of PAMAM-Ag were then subjected to the aldol-amine reaction in order to obtain 

TOC-PAMAM-Ag. The dosage of G4.0 PAMAM-Ag was changed to obtain 

composites with different Ag loading densities. 

 

 

Fig. 7.1 Synthetic route of TOC-PAMAM-Ag 

 

The TOC was characterized using FT-IR, as shown in Fig. 7.2. It was seen that the 

absorption peak due to -COONa at 1608 cm-1 increased significantly with an increase 

in NaClO dosage. The carboxyl content determined by conductometric titration (Table 

7.2) was consistent with the FT-IR results. The absorption peak of the aldehyde group 
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that was introduced was seen at 1614 cm-1. The aldehyde group content of TOC-CHO 

was determined by acid-base titration. After reacting TOC-CHO with G4.0 PAMAM-

Ag, it was clearly seen that the brown G4.0 PAMAM-Ag solution became clear and 

transparent, while the oxidized cellulose turned brown. This indicated that the TOC-

PAMAM-Ag composite was successfully prepared.  

 

The amount of Ag loading was determined by XPS. The content of each element in 

TOC-PAMAM-Ag is provided in Table 7.1. The peaks relating to C1s, N1s and Ag3d 

are shown in Fig. 7.4. The five peaks relating to the C1s corresponded with: C-C 

(284.15 eV); C-O (285.0 eV); C-N (285.9 eV); C=N (286.8 eV); C=O (288.0 eV). The 

three peaks relating to N1s were C=N (397.7 eV), -NH- (399.1 eV) and C-N (401.1 eV), 

respectively. The differences between the 3d5/2 (367.9 eV) and 3d3/2 (373.9 eV) peaks 

for Ag were exactly the same as the values of zero valent silver [28]. The content of 

each element in TOC-PAMAM-Ag is provided in Table 7.1. The Ag loading obtained 

by XPS content is consistent with that obtained by TGA (Fig. 7.5). 
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Fig. 7.2 FT-IR spectra of TOC Fig. 7.3 FT-IR spectra of TOC-CHO 
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Fig. 7.4 The XPS spectra of C1s, N1s and Ag3d in TOC5-PAMAM-Ag 

 

Table 7.1 XPS elemental compositions for the TOC5-PAMAM-Ag 

Catalyst 
nAg  

mmol 

Measured 
Ag loading 

mmol/g 
C 

% 

N 

% 

O 

% 

Ag 

% 

TOC5-CHO --- 61.24 --- 38.76 --- --- 

TOC5-PAMAM-Ag 

0.01235 78.37 0.81 20.71 0.11 0.0407 

0.02469 68.78 1.26 29.77 0.20 0.0741 

0.04938 78.05 1.23 20.33 0.39 0.1444 

0.09877 65.65 2.88 30.54 0.92 0.3407 
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Fig. 7.5 TGA curves of TOC-PAMAM-Ag Fig. 7.6 XRD patterns of RC, TOC5, TOC5-

CHO and TOC5-PAMAM-Ag 

 

A comparison of the XRD patterns of RC, TOC5, TOC5-CHO and TOC5-PAMAM-

Ag in the 2θ range 10-80° is shown in Fig. 7.6. Compared with RC, the crystalline 

structure of TOC5-CHO had a slight change, which indicates that a part of the cellulose 

in the amorphous area was oxidized to soluble oxidized cellulose. The XRD pattern of 

TOC5-PAMAM-Ag showed peaks at 2θ=38.1, 44.2, 64.4 and 77.4, which were 

attributed to Ag [29]. It can be proved that TOC-PAMAM-Ag was successfully 

prepared by the reaction of G4.0 PAMAM-Ag and cellulose. The morphologies and 

dispersion of the composite were investigated by means of TEM. Fig. 7.7 shows that 

the composite showed good dispersion of Ag, and the diameter of the silver 

nanoparticle size was about 7 nm. 

 

    

Fig. 7.7 TEM images of TOC-PAMAM-Ag 
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In order to systematically study the effect of TOC-PAMAM-Ag on the catalytic 

reduction of 4-NP, TOC-PAMAM-Ag with different Ag loading amounts and different 

carboxyl contents were designed and prepared (Table 7.2). 

 

Table 7.2 Prepared composites of TOC-PAMAM-Ag 

Composite Carboxyl content 

mmol/g 

Ag content 

mmol/g 

RC-PAMAM-Ag0.07 0.02 0.0741 

TOC1-PAMAM-Ag0.07 0.329 0.0738 

TOC3-PAMAM-Ag0.07 0.973 0.0736 

TOC5-PAMAM-Ag0.04 1.46 0.0407 

TOC5-PAMAM-Ag0.07 1.46 0.0741 

TOC5-PAMAM-Ag0.14 1.46 0.1444 

TOC5-PAMAM-Ag0.34 1.46 0.3407 

TOC10-PAMAM-Ag0.07 2.25 0.0738 

 

7.3.2  Catalytic reduction of 4-NP to 4-AP by TOC-PAMAM-Ag 

 

 

Fig. 7.8 Schematic diagram of catalytic reduction of 4-NP to 4-AP 

 

As shown in Fig. 7.9 (a), 4-NP has an absorption peak at approximately 317 nm, and it 

is remarkably redshifted to 400 nm in presence of NaBH4. This redshift is accompanied 

by the change from colorless to light yellow owing to the formation of the 4-

nitrophenolate ion [30]. Due to the kinetic restriction of the reduction reaction, NaBH4 
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alone cannot catalyze the reduction of 4-NP, and the use of a catalyst is required. The 

prepared composites were used for catalytic reduction of 4-NP to 4-AP in water (Fig. 

7.8). It was observed that the system was light yellow when there was no catalyst. After 

adding the catalyst, the reaction system was light yellow at first and then became 

transparent (Fig. 7.9 (c)). This is due to the change of 4-NP (light yellow) to 4-AP 

(transparent). It was noted that the maximum UV-vis absorption peaks of 4-NP and 4-

AP were at 400 nm and 296 nm, respectively. The catalytic performance of G4.0 

PAMAM-Ag was evaluated first. After adding G4.0 PAMAM-Ag, the peak at 296 nm 

gradually increased, and the peak at 400 nm became smaller. At 9 min, the peak at 400 

nm basically disappeared. The conversion rate was 98%, which proved that the 

homogeneous G4.0 PAMAM-Ag demonstrated good catalytic activity (Fig. 7.10).  

 

    

(a) UV-vis spectra of 4-NP and 

in presence or absence of NaBH4 

(b) No catalyst (c) Initial stage 

of reaction 

(d) End of 

reaction 

Fig. 7.9 State of the reaction mixture in the cuvette  

 

After G4.0 PAMAM-Ag was immobilized on TOC5, the composite of TOC5-

PAMAM-Ag obtained gave a satisfactory conversion rate (95%), although the reaction 

was extended to 70 min (Fig. 7.11). The reduced reaction rate of TOC5-PAMAM-Ag 
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was due to the heterogeneous reaction of TOC-PAMAM-Ag.  
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Fig. 7.10 UV-vis spectra of the catalytic 

reduction of 4-NP using G4.0 PAMAM-Ag 

as the catalyst 

Fig. 7.11 UV-vis spectra of the catalytic 

reduction of 4-NP using TOC5-PAMAM-

Ag0.07 as the catalyst 

 

The effect of the Ag loading amount on the catalytic performance of TOC-PAMAM-

Ag was investigated. The same dosage of Ag was added to each reaction system using 

TOC5-PAMAM-Ag0.04, TOC5-PAMAM-Ag0.07, TOC5-PAMAM-Ag0.14 and 

TOC5-PAMAM-Ag0.34. Fig. 7.12 shows that the catalytic performance first increased 

and then decreased with the increase in Ag loading. By increasing the silver loading, 

while maintaining a constant amount of silver added to the reaction system, it was 

possible to reduce the total catalyst mass added, thus reducing the diffusion resistance 

of the heterogeneous catalytic reaction and improving the reaction rate. However, 

PAMAM-Ag also acts as a crosslinker for oxidized cellulose, and excessive loading 

makes the crosslinking network of the composite too dense, thus reducing the reaction 

rate. 
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Fig. 7.12 C/C0 vs reaction time plots of TOC5-PAMAM-Ag with different levels of Ag 

loading 

 

The effect of TOC-PAMAM-Ag dosage on catalytic performance was explored. It was 

found that the reaction occurred rapidly in the initial stage of the reaction and gradually 

slowed down (Fig. 7.13). This was because the composite is rapidly dispersed in the 

reaction system and the reactants interact on a large scale immediately after the TOC5-

PAMAM-Ag is added. As the reaction progressed, the concentration of 4-NP decreased, 

and the reaction rate slowed down. The more catalyst that was added, the shorter the 

time that was required to complete the reaction (from 100 min to 70 min). However, 

when the catalyst dosage was over 4 mg, the Ag interfered with the measurement of 

UV-vis. Therefore, the optimal dosage of TOC5-PAMAM-Ag0.07 was 4 mg. 
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Fig. 7.13 C/C0 vs reaction time plots of 

TOC5-PAMAM-Ag0.07 with different 

dosages 

Fig. 7.14 C/C0 vs reaction time plots of 

composite catalysts with different carboxyl 

content 

 

To explore the effect of the carboxyl content on the composite catalyst, RC-PAMAM-

Ag0.07, TOC1-PAMAM-Ag0.07, TOC3-PAMAM-Ag0.07, TOC5-PAMAM-Ag0.07 

and TOC10-PAMAM-Ag0.07 was added to the reaction system in separate tests. Fig. 

7.14 indicates that the reaction time decreased with an increase in the carboxyl content 

of oxidized cellulose. The reaction time of TOC10-PAMAM-Ag with a carboxyl 

content of 2.25 mmol/g was only 45 min. The carboxyl group in cellulose can increase 

its hydrophilicity, thus facilitating the contact between the reactant and the catalyst and 

accelerating the reaction rate. 

 

Table 7.3 Comparison of various catalysts in the reduction of 4-NP. 

Sample Catalyst Reaction rate 

(*10-3s-1) 

References 

1 Ag/PS 3.49 [30] 

2 Fe3O4@PS/PDA-Ag 6.55 [31] 

3 PSMAA-Ag 8.17 [32] 

4 Ag-PANI 0.93 [33] 
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5 Ag/Cellulose 13 [34] 

6 CNC@PDA-Ag 4.26 [35] 

7 Ag-chitosan 1.33 [36] 

8 G4.0 PAMAM-Ag 5.36 [18] 

9 TOC-PAMAM-Ag 1.42 This work 

 

To evaluate the catalytic performance of TOC-PAMAM-Ag, we compared the NP 

conversion rate of TOC-PAMAM-Ag with previously reported catalysts. As shown in 

Table 7.3, TOC-PAMAM-Ag have a comparable catalytic performance with other 

reported catalysts for reduction of 4-NP. 

 

7.3.3  Cyclic catalytic property of TOC-PAMAM-Ag 

After reaction, TOC5-PAMAM-Ag was recovered by centrifugation to explore its 

cycling performance. The recovered TOC5-PAMAM-Ag was characterized using XPS 

and XRD. Fig. 7.15 a and a' showed that the C=N of TOC5-PAMAM-Ag0.07 was 

reduced to stable C-N. Fig. 7.15 b and b' showed that the Ag loading remained 

unchanged after recovery. Fig. 7.15 c showed that the XPS spectra unchanged after 

recovery. Fig. 7.16 showed that the crystal structure did not change significantly after 

reduction. The recovered TOC-PAMAM-Ag was re-used for five cycles. When the 

reaction was carried out for 70 min, the conversion rate was almost constant (Fig. 7.17), 

which indicates that TOC-PAMAM-Ag had good recyclability. 
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Fig. 7.15 The XPS spectra of C1s and Ag3d in TOC5-PAMAM-Ag0.07. (a and b were 

spectra for the fresh catalyst; a' and b' were spectra for the recycled catalyst) 
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Fig. 7.16 XRD patterns of TOC-PAMAM-

Ag before and after recovery 

Fig. 7.17 The recyclability of TOC5-

PAMAM-Ag for catalytic reduction of 4-NP 

 

7.4  Conclusion 

A series of TOC-PAMAM-Ag samples with different carboxyl groups and different Ag 

loadings were prepared in order to study the catalytic reduction of 4-NP to 4-AP. It was 

found that the catalytic performance was best when the Ag loading of TOC-PAMAM-

Ag was 0.07 mmol/g. The effect of carboxyl content in TOC-PAMAM-Ag on the 

reaction was explored and it was found that increased carboxyl content was favorable 

for the catalytic reaction. In the catalytic reduction process, the unstable imine bond 

contained in TOC-PAMAM-Ag can be transformed into a stable amine bond, which 

made it more stable. The experimental results showed that it had good catalytic 

performance and stable recycling performance. 
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CHAPTER 8 OVERALL CONCLUSIONS 

 

The TEMPO/NaBr/NaClO system is generally used to selectively catalyze the 

oxidation of the cellulose C6 primary hydroxyl group to a carboxyl group to obtain 

TOC. In this work, TEMPO was loaded onto the water-soluble polymer to achieve 

TEMPO recycling and to reduce the degradation of the cellulose because of the specific 

structure of the polymer carrier. 

 

8.1  Selective catalytic oxidation of cellulose with acrylamide-

vinylamine copolymer immobilized TEMPO 

An acrylamide-vinylamine copolymer (PVAm) supported TEMPO, called (PVAm-T), 

was designed and developed for using in the selective catalytic oxidation of cellulose. 

The amine groups in PVAm react with the carbonyl groups in 4-oxo-TEMPO to give 

PVAm-T. This was used as a catalyst (instead of free TEMPO) for selective catalytic 

oxidation of the C6 primary hydroxyl groups of cellulose in water. It was found that the 

catalyst has good catalytic performance, and the carboxyl content of oxidized cellulose 

was equivalent to 76% of that of the free TEMPO. Furthermore, PVAm-T was recycled 

by dialysis and the recycling performance was excellent. Interestingly, it was found that 

PVAm-T could effectively reduce degradation of the oxidized cellulose. The degree of 

degradation of PVAm-T oxidized cellulose was 21%-27%, which was much lower than 

that of free TEMPO (61%-66%). PVAm-T with a positive charge and suitable size can 

effectively avoid the formation of C6 aldehydes and C2/C3 ketones by side reactions, 
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and restrict oxidation, mainly to the exterior surface of porous cellulose, which results 

in significant reduction in the degradation of cellulose. 

 

8.2  mPEG-modified polyamidoamine (PAMAM) supported 

TEMPO mediated oxidation of cellulose 

Water-soluble mPEG-modified PAMAM supported TEMPO catalysts (mPEG-Gn 

PAMAM-T) with different PAMAM generations and different TEMPO loading 

degrees were prepared and used as catalysts in place of free TEMPO for purposes of 

selective catalytic oxidation of cellulose. The effects of the TEMPO loading degree, 

PAMAM generation and molecular weights of PEG on the reaction rate, the oxidation 

degree and the depolymerization of cellulose were investigated. The results showed that 

the catalytic performance of mPEG-Gn PAMAM-Tx was up to 84% the level of that of 

free TEMPO. Furthermore, this immobilized TEMPO catalyst can alleviate the degree 

of degradation of cellulose to a large degree. The catalyst was extracted using 

methylene chloride after the supernatant was concentrated, and the catalytic 

performance of the cellulose was not reduced after cyclic oxidation. It was found that 

the structure, charge and molecular size of the polymer carrier affected the degree of 

oxidation, the degree of degradation and the selectivity for cellulose oxidation. 

 

TEMPO-mediated cellulose oxidation still has some deficiencies, which need to be 

solved to further promote the application of TOC in industry. Chlorinated oxidants such 

as NaClO should be avoided for environmental reasons. If sufficient quantities of the 
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C6-sodium carboxylate group can be efficiently introduced into oxidized cellulose, O2, 

H2O2, O3 or other chlorine-free compounds are preferred oxidants. For the 

establishment of environmentally friendly cellulose modification process, the treatment 

or recovery of related pollutants in wastewater formed during industrial production of 

TOC should be considered. 

 

8.3  Use the composite of oxidized cellulose/nano-Fe3O4 for 

efficient adsorption of Pb2+ 

The magnetic oxidized cellulose composite, called TOC-Gn PAMAM-Tx-MNP, was 

prepared using PAMAM modified nano-Fe3O4 supported TEMPO as an oxidation 

catalyst and cellulose cross-linker for the efficient adsorption of Pb2+. The carboxyl 

content of TOC-Gn PAMAM-Tx-MNP was mainly affected by the structure of this 

dendrimer conjugated magnetic TEMPO catalyst. Pb2+ adsorption was confirmed as 

behaving in terms of the Langmuir adsorption model. The Pb2+ adsorption capacity of 

the magnetic TOC adsorbent was proportional to its carboxyl content. The maximum 

saturation adsorption capacity of this magnetic composite was up to 120 mg/g, which 

is comparable with that of TOC with the same carboxyl content. After three cycles of 

adsorption and desorption, the adsorption and desorption capacity of the composite 

were both maintained at a high level, which indicates that the magnetic oxidized 

cellulose composite had good regeneration ability. 

 

TEMPO-oxidized cellulose has been found to be a potential candidate material for 
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wastewater treatment. However, continuous experiments must be carried out in the 

future to further explore the opportunities of TOC in wastewater treatment, especially 

in the form of aerogel or hydrogel. 

 

8.4  Reduction of 4-nitrophenol to 4-aminophenol by oxidized 

cellulose immobilized nano-silver 

TEMPO oxidized cellulose (TOC) was partly oxidized by sodium periodate to give 

TOC-CHO with aldehyde groups. PAMAM-Ag was prepared by coating Ag on the 

carrier. TOC immobilized nano-silver (TOC-PAMAM-Ag) was prepared by means of 

an aldehyde-amine reaction between the aldehyde groups of TOC-CHO and the amino 

groups of PAMAM-Ag. TOC-PAMAM-Ag was used in the catalytic reduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP). In this catalytic reduction process, the 

unstable imine bond contained in TOC-PAMAM-Ag can be transformed into a stable 

amine bond, which makes TOC-PAMAM-Ag more stable. The experimental results 

show that it has good catalytic performance and stable recycling performance. 

 

Ag nanoparticles are considered to be the most promising catalyst toward NaBH4-

assisted 4-NP reduction because of the unique advantages such as adjustable shape and 

size, simple preparation and environmental friendliness. However, the catalytic 

performance of Ag nanoparticles should be further improved. 

 

8.5  Outlook 
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TOC and its related composite materials have been developed as novel bio-based 

materials. Further industrial applications of these new materials need to accumulate 

more basic information and data on the basis of experimental and theoretical studies. 

On the basis of the vast amount of science and technology that has been accumulated, 

it is necessary to improve it so that these materials can be produced and used under 

conditions of high reproducibility, operability and reliability. 


