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1 Chapter 1: Introduction 

Over the past three decades, metallic iron, i.e. zerovalent iron (ZVI), has been found 

to be an effective agent to remediate a wide range of compounds including halogenated 

compounds[1][2][3], nitro aromatic compounds[4], nitrate compounds[5], and metallic 

ions[6][7]. Iron is a reducing agent of many redox-labile substances because Fe0 is prone 

to oxidation, forming Fe2+ and subsequently further oxidizing to form Fe3+. Moreover, 

iron is highly abundant [8] and the cheapest metal on earth [9]. As such, iron is cost‐

effective for soil and groundwater remediation [10]. 

A well-established method to increase iron remediation efficiency is to increase its 

surface area-to-volume ratio, achieved by reducing iron particle size. Iron nanoparticles 

can be highly reactive due to their large surface area to volume ratio [11]. Wang et al.[12] 

were the first to report a method of synthesizing nanoscale Zero-Valent Iron particles 

(nZVI), and report that these nanoparticles have higher reactivity rates than micron 

scale ZVI. Moreover, nZVI holds the potential of threat the same variety of pollutants as 

ZVI and its size would allow it to be injected in a broad range of locations. 

Despite its many advantages, nZVI has several drawbacks limiting its practical 

applications, mainly its strong homo-aggregation [13]. nZVI is prone to homo-

aggregation in part due to their strong attractive magnetic forces and low electrostatic 

repulsion[14][15]. As a result, nZVI has low soil mobility, limiting its ability to reach 

target contaminants in soils. Homo-aggregation also reduces its surface-area to volume 

advantages, limiting its reactivity towards contaminants in soils and groundwater. 

These issues significantly impact the practical use of nZVI for in-situ contaminant 

reduction.  

Recently, alternatives have been proposed to overcome these limitations. One 

approach is the use of organic coatings to prevent nZVI homoaggregation. Synthetic 
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polymers such as poly-styrene-sulfonate (PSS)[14], poly(methyl methacrylate) (PMMA) 

[16], poly(acrylic acid) (PAA)[17], and Poly(N-vinyl-2-pyrrolidone)[18], and natural 

polymers such as starch[19][15], guar gum[15], carboxymethyl cellulose(CMC) 

[14][19][20] have been used for this purpose. However, coating nanoparticles passivates 

the reactive particle surface, reducing nanoparticle reactivity.  

We predict that the use of rigid nanostructures would have a lower passivating effect 

as compared to large flexible macromolecules. Rigid nanostructures have been shown 

to be used as stabilizers in emulsions and suspensions such as carbon nanotubes[21][22] 

and silica nanoparticles with different morphologies [23][24][25]. 

Cellulose nanocrystals (CNCs) have potential as rigid stabilizers. Cellulose is the 

most abundant polymer on earth[21] and can be obtained from a wide variety of plants. 

When cellulose fibers are mechanically or chemically processed, two types of 

nanostructures can be obtained: cellulose nanocrystals (CNCs), and cellulose 

nanofibrils (CNFs). These two structures are bio sourced, non-toxic and relatively 

simple to purify.  

Recently, there has been extensive research on CNCs due to their nanoscale 

dimensions, easy surface modification, abundant availability, and unique 

morphology[22][23]. The use of CNCs as support for metal nanoparticles have gained 

increasing attention due to the properties inherent to CNCs, such as its rod-like 

morphology, high surface area, and thermal and colloidal stability [24][22][23] in 

addition to their biodegradability and biocompatibility. 

Various research groups have reported on the synthesis of metallic nanoparticles on 

raw CNCs by chemical and thermal reduction. Some of the metals deposited include 

copper [25], platinum [25], gold [25] [26], silver [25], nickel[27], selenium[28], 

palladium[29], iron and iron oxides [35][36][32].These syntheses often create long rods 
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sparsely covered in metals or individual spherical metallic nanoparticles adsorbed to 

the surface of CNCs. 

Zhou et al. [33] used CNCs as morphology-inducing and coordinate agent for the 

synthesis of TiO2 nanoparticles. They obtained uniform cube-shaped TiO2 nanoparticles 

with high crystallinity only using TiCl4 and CNCs as starting materials. 

The large surface area and negative surface charge of CNCs suggest that a large 

number of nZVI nanoparticles might be stabilized in the presence of CNCs. Moreover, 

the presence of primary and secondary hydroxyl groups on the CNC surface enables 

additional chemical functionalization [22][34]. For example, the hydroxyl groups on the 

CNC surface can be converted into carboxyl groups using sodium hypochlorite (NaOCl) 

and the system (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl-sodium bromide (TEMPO-NaBr) 

as catalyst[35]. Carboxyl groups can adsorb divalent metal ions by covalent 

binding[36][37] and can increase the density of nanoparticles deposit on the CNC 

surface[37]  

Silver nanoparticles have primarily been deposited on TEMPO-oxidized CNCs 

(oxCNCs) [37][38][39], while metals such as copper[40] and gold[41] have been deposited 

on the surface of TEMPO-oxidized cellulose nanofibrils (CNFs), using carboxyl groups 

as anchor sites for the metallic nanoparticles.  

This thesis focuses on the synthesis of iron nanoparticles mediated by cellulose 

nanocrystals. The synthesis, characterization, and optimization of nanocomposites 

composed of cellulose nanocrystals and iron using a classical redox reaction is 

presented. Our results highlight the impact of the surface charge, surface functional 

groups, and number of CNCs on the size, morphology, and stability of iron 

nanoparticles. This synthesis process can be extrapolated to other type of metals and 
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metal oxides, giving researchers an opportunity in controlling size and morphology of 

similarly redox-generated nanoparticles. 

1.1 Thesis Outline 
Chapter 1: Introduction. This chapter includes the introduction and gives an 

overview of the of the organization of the thesis. 

Chapter 2: Literature review. This chapter summarizes a literature review and the 

fundamental principles related to this project. This chapter also includes the research 

objectives and references. 

Chapter 3: “Nucleation, growth, and stability of Cellulose Nanocrystal-Stabilized 

Iron Nanoparticles”. This chapter presents the synthesis of nZVI particles in the 

presence of CNCs. Our results highlight the influence of CNCs on the rates and 

mechanisms of nucleation, growth, aggregation, and aging of nZVI particles. Our work 

shows that CNCs act as effective stabilizers for preparing colloidally stable nZVI 

nanoparticles. These cellulose nanocrystal-stabilized nZVI nanoparticles demonstrate 

properties well-suited for enhanced soil and groundwater remediation. This manuscript 

is in preparation for publication.  

Chapter 4: “One-step iron metallization of carboxylated cellulose nanocrystals”. 

This chapter presents the synthesis of Iron nanoparticles (FeNPs) in the presence of 

carboxylated CNCs (oxCNCs). We analyze the influence of carboxylic groups on the final 

morphology adopted by FeNPs. oxCNCs also act as stabilizers but have a higher impact 

on the rates of nucleation and aggregation compared to raw CNCs. Carboxylated CNCs 

may be used as a template for other metal/metal oxide nanoparticles at ambient 

conditions without the use of additional chemicals. This manuscript is in preparation 

for publication. 
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Chapter 5: Conclusions. The final chapter explores main conclusions, major 

contributions and future work for this research project.   
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2 Chapter 2: Literature review  

2.1 Soils: contamination and remediation 
Environmental contamination represents a serious threat for marine and terrestrial 

ecosystems. It became a critical issue after the industrial revolution for the amount and 

variety of pollutants released to the environment [42]. According to Canada 

government, a contaminated site is “one at which substances occur at concentrations (1) 

above background levels and pose or are likely to pose an immediate or long-term hazard to 

human health or the environment, or (2) exceeding levels specified in policies and regulations." 

[43] 

Soil contamination is a widespread problem in developed countries due to a long 

history of low or absent environmental protections. According to the European 

Environmental Agency, 340 000 contaminated sites in Europe have been identified, and 

there is an estimate of 2.5 million potentially contaminated sites around the 

continent[44].  

Asian countries experience considerable contamination of agricultural soil and 

crops by trace elements. For example, it is estimated that about 20% of Chinese 

farmland is contaminated with Cd, Ni and As [45] 

To date, there has been identified over 22 000 contaminated or suspected 

contaminated sites in urban, rural and remote areas across Canada, and approximately 

3 800 of those sites are located in Ontario[43]. Most of the contaminants are normally 

concentrated in soils or soil-related media because soils are considered as the ultimate 

sink for contaminants that enter the environment [42], and contaminants tend to have 

longer residence times in soil than in water or air [46]. Soil contamination typically 

occurs in places where mainly industrial activities, inadequate waste disposal, and/or 

chemical spills have introduced excessive amounts of contaminants that cannot be 
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naturally degraded [44] (Figure 2.1). A common source of soil pollution in developing 

countries is the use of contaminated groundwater or wastewater for irrigation[45]. 

Additionally, some contaminants can be transported at large distances by the wind, 

rain, or groundwaters, and can pollute soils far from the release source[47]. 

  
Figure 2.1 Chromium contamination at abandoned chemical factory in Durres – Albania. At 

2006, the area was contaminated with Lindane/ HCH and hexavalent chromium due to a 

former chemical plant [48]. Left, change on vegetation in same area due to soil 

contaminants. Reprinted form United Nations Environment Programme Disasters and 

conflicts[49] 

In Canada, most frequent contaminants include metal, metalloid, and 

organometallic compounds(MMOs); petroleum hydrocarbons (PHCs); polycyclic 

aromatic hydrocarbon (PAHs); benzene, toluene, ethylbenzene, and xylene (BTEx); and 

Polychlorinated biphenyls (PCBs) [43]. The physical state of the contaminant varies 

depending on the type of contaminant and the type of soil. Kabata et al. [50] presents 

different interaction mechanisms between pollutants and soil particles (Figure 2.2). In 

general, the following forms can be observed: 

• Particulate pollutants -with particle size over the same scale of soil particles- 

• Liquid films around soil particles 

• Pollutants adsorbed at the surface of soil particles 

• Pollutants present as solids or liquids in the pores of soil particles 
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Figure 2.2 Physical state of contaminants in soils. Adapted from [50] 

Soil contamination is an area of major concern due to its direct impact in 

agricultural production, natural environment and human health [47]. Soils are an 

essential constituent of the earth surface and play a vital role in life processes[51]. As a 

result of this situation, and the growing awareness and public concern about 

environmental contamination, soil remediation technologies have gained considerable 

importance in last decades [42][46]. 

Soil remediation represents a challenge due to the complexity and diversity of 

contaminants and sites where these contaminants are deposited. Conventional methods 

of soil remediation include: excavation and off-site disposal, soil flushing, incineration, 

vitrification, and capping [46]. The effective treatment of a contaminated soil depends 

on the proper selection, design, and implementation of a remediation technology. Two 

factors are key for the success of such technologies: to utilize low-impact materials and 

to be categorized as a cost-effective solution. Remediation costs varies significantly 

depending on the technology used. Ex-situ treatments include high costs associated 

with removal, transport and storage, while technologies such as incineration or 

vitrification also have high energy costs due to the high temperatures than must be 
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reached. Moreover, some technologies -such as capping and soil flushing- don’t remove 

or transform the contaminant into a less toxic compound. 

2.2 In situ chemical reduction and zero valent Iron (ZVI) 
One of the most developed methods applied for in-situ soil remediation (i.e. without 

excavation nor transportation) is by chemical reduction. The main principle of in-situ 

chemical reduction (ISCR) is the addition of reducing agents to degrade pollutants into 

less toxic compounds [52]. The dehalogenation of chlorinated aliphatic or aromatic 

contaminants, and the reduction of nitroaromatic compounds [53] are some examples 

of chemical reductions involving organic pollutants. Some common reductants include 

reduced metal species such as Fe2+, Fe3O4, and Fe0, reduced sulfur species such as HS−, 

S2O4 2−, FeS, FeS2, and other electron-donating substances such as natural organic matter 

(NOM)[54]. The use of iron in its elemental state - Fe0 or Zero-Valent Iron (ZVI)- is one of 

the most established technologies for treating contaminants [10][55] due to its intrinsic 

properties: Iron is highly abundant [8], the cheapest metal on earth [9], and it is prone to 

oxidation (𝐸𝐸° = −0.44𝑉𝑉). Moreover, iron oxyhydroxides can adsorb a variety of 

inorganic contaminants such as heavy metals and metalloids[56][57]. For example, from 

the most frequent contaminants in Canada, ZVI can treat MMOs and PCBs.  

The earliest environmental use of ZVI was reported in 1982 by Gould [58] who 

studied the kinetics of reduction of hexavalent chromium -Cr (IV)- by metallic iron, 

while in 1994, Gillham and O’Hannesin [3] were the first to show the effectiveness of ZVI 

for reduce a variety of organic halogen compounds. Since the 90s, ZVI has been used in 

permeable reactive barriers (PRB) for the removal of chlorinated organic contaminants 

in-situ [55][59] 

A permeable reactive barrier is a passive in-situ treatment zone that degrades or 

immobilizes contaminants as ground water flows through it [60].  
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The first pilot-scale PRB was installed in 1991 at Borden, Ontario, to treat 

chlorinated solvents, while the first full-scale commercial PRB was installed in 1994 at 

Sunnyvale, California, also for chlorinated solvents [61]. Since then, the use of PRBs has 

grown throughout the world. An example of the installation of a full-scale PRB is shown 

in Figure 2.3. This PRB consists of 3 segments of 1.2 m wide and 175 m long[62]. 

  
Figure 2.3 (Left) Layout of a permeable reactive barrier. As contaminated groundwater 

passes through the PRB, the reactive media inside remove or degrade the contaminants and 

the treated groundwater leaves the permeable reactive barrier. Reprinted from[63]. (Right) 

Full scale PRB installed at F.E Warren Air Force Base, Cheyenne, WY for the treatment of 

chlorinated compounds (TCE and cis-DCE). Reprinted from[62] 

Concerning the mechanisms involved during contaminant reduction, Matheson and 

Tratnyek [2] proposed three different pathways for the reduction of halogenated 

compounds by ZVI (Figure 2.4): (a) reduction at the iron metal surface, (b) subsequent 

reduction by ferrous ions previously produced, and (c) reduction by generation and 

subsequent reaction with hydrogen if a catalyst is present.  

In the case of inorganic contaminants, additional mechanisms have been proposed: 

reductive precipitation, surface adsorption or complexation, and coprecipitation with 

Fe oxyhydroxides formed on the ZVI surface(Figure 2.4-c,d) [10][64][65]. 
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Figure 2.4 (Top) Reductive dehalogenation pathways by using zero-valent iron (ZVI): (a) 

Direct reduction at the metal surface. (b) Reduction by ferrous iron (c) hydrogenolysis by the 

hydrogen that is formed by the reduction of H2O during anaerobic corrosion. (Bottom) 

Mechanisms for the removal of inorganic compounds: (d) surface complexation (e) reductive 

precipitation and co-precipitation. Modified from [2][64] 

2.3 Nano Zero Valent Iron (nZVI)  
Although ZVI is an attractive material for environmental soil decontamination, 

important challenges still exist for the practical application of this technology. These 

limitations include: low reactivity due to the oxyhydroxide layer formed after iron 

corrosion, passivity of ZVI arising from certain contaminants and the need for large 

quantities of iron and high infrastructure costs for in-situ treatments[64] [66]. 

Some methods to overcome these disadvantages includes combinations of metallic 

iron and catalytic metals such as Pd or Ni, or the replacement of Fe0 with more strongly 

reducing metals such as Zn0[54].  

Another popular approach in recent years has been the fabrication of nanoscale ZVI 

(nZVI). nZVI are iron nanoparticles with a core-shell structure comprised of a dense 
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metallic center (Fe0) and an iron hydroxide shell, (mainly Fe3O4)[67]. nZVI possess a 

greater reactivity per mass of material, which significantly improves its remediation 

performance. Because of their size, nZVI has higher mobility through porous media, 

which would allow it to be injected in a broad range of locations. In 1997, Wang et al.[12] 

were the first researchers to report a method of synthesizing nZVI and show that these 

nanoparticles have higher reactivity rates than micro ZVI. Since then, nZVI has been 

intensively investigated as a new tool for soil remediation. Some topics studied in the 

last decades related to nZVI include comparisons between ZVI and nZVI, improvement 

of their mobility on porous media, bench scale and field applications, and 

environmental concerns related to these nanoparticles [55][68].  

In 2001, the first field trial of the use of nZVI for the treatment of TCE in 

groundwater at a manufacturing site in Trenton, New Jersey, USA, was performed[69] 

At present time, nZVI particles are commercially available[70]. 

2.4 Removal of hazardous contaminants  
Because the chemical composition of nZVI and ZVI is the same, nZVI holds the 

potential of threat the same pollutants as ZVI. After its first synthesis, the effectivity of 

nZVI in the removal/degradation of a wide range of chemical pollutants has been 

evaluated. Wei-xian Zhang [71] has compiled a wide range of contaminants that can be 

transformed using nZVI. Table 2-1 is an adaptation of his work and expanded to contain 

additional contaminants that have been shown to be treated by nZVI. 
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Chlorinated methanes Organic dyes 
Carbon tetrachloride (CCl4) Orange II (C16H11N2NaO4S) 
Chloroform (CHCl3) Chrysoidine (C12H13ClN4) 
Dichloromethane (CH2Cl2) Tropaeolin O (C12H9N2NaO5S) 
Chloromethane (CH3Cl) Acid Orange 
Chlorinated ethenes Acid Red 
Tetrachloroethene (C2Cl4) Pesticides 
Trichloroethene (C2HCl3 ) DDT (C14H9Cl5) 
cis-Dichloroethene (C2H2Cl2 ) Lindane (C6H6Cl6) [72] 
trans-Dichloroethene (C2H2Cl2) Other organic contaminants 
1,1-Dichloroethene (C2H2Cl2) N-nitrosodimethylamine (NDMA) (C4H10 N2O) 
Vinyl chloride (C2H3Cl) Metal and metalloid ions 
Chlorinated benzenes Mercury (Hg+) 
Hexachlorobenzene (C6Cl6)[72] Nickel (Ni2+) 
Pentachlorobenzene (C6HCl5) [72] Silver (Ag+) 
Tetrachlorobenzenes (C6H2Cl4) Cadmium (Cd2+ ) 
Trichlorobenzenes (C6H3Cl3) Arsenic (As5+,As3+)[7] [73] 
Dichlorobenzenes (C6H4Cl2) Chromium (Cr6+)[73] 
Chlorobenzene (C6 H5Cl) Barium (Ba6+)[73] 
Other polychlorinated hydrocarbons  Cobalt (Co2+)[73] 
PCBs Inorganic anions 
Dioxins Dichromate (Cr2O7

2−) 
Hexachlorobutadiene (C4Cl6) [72] Arsenic (AsO4

3−) 
 Pentachlorophenol (C6HCl5O) Perchlorate (ClO4

−) 
 Trihalomethanes  Nitrate (NO3

−) 
Bromoform (CHBr3 ) Radionuclides 
Dibromochloromethane (CHBr2Cl) Uranyl (UO2

2+)[74] 
Dichlorobromomethane (CHBrCl2)  
Nitroaromatic compounds  
TNT (C7H5N3O6)  
Nitrobenzene (C6H5NO2)[75]  

Table 2-1 Common environmental contaminants that can be transformed by nZVI. 

Reprinted and modified from [71] 

2.5 nZVI synthesis  
To date, numerous methods have been developed for nZVI synthesis. In general, 

these methods can be classified in bottom-up and top-down methods . Some of the most 

important techniques are summarized below[41]. 
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Thermal decomposition and electrolysis are the methods used at industrial scale while 

chemical reduction is more extended at the academic level[76]. 

 
 
Figure 2.5 scheme of nanoparticles synthesis by top-down and bottom-up approaches for 

nZVI synthesis. Top-down methods include ball milling of bulk iron particles, while bottom-up 

methods include aqueous or thermal reduction of Fe2+ / Fe3+ ions or iron oxides. Modified 

from[77] 

 
2.5.1 Chemical reduction 

The first and the most popular method for the synthesis of nZVI particles is reducing 

metallic iron salts with a strong reducing agent. The first generation of nZVI particles 

were synthesized by reducing iron chloride with sodium borohydride [12]. 

Stochiometric amounts of sodium borohydride are slowly added at ambient 

temperature and inert atmosphere. The following reaction is involved: 

Fe3+ + 3BH4
− + 9H2O → Fe0 + 3H2BO3

− + 12H+ + 6H2 ↑ 
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FeCl3 was replaced with FeSO4 to reduce the amount of NaBH4 required and the 

excessive amount of chloride in the final products. In this new process, the following 

reaction is involved: 

Fe2+ + 2BH4
− + 6H2O → Fe0 + 2B(OH)3 + 7H2 ↑ 

The formation of metallic particles from a metallic salt takes the following steps: 

Formation of zero valent molecules through redox reduction, homogenous nucleation 

of zero valent molecules to form primary particles, growth of primary particles through 

molecular accretion, particle aggregation and/or coalescence to form secondary 

particles, and aggregation of secondary particles to form fractal aggregates [78]. The 

main disadvantages of this synthesis method are the toxicity and the high price of 

reducing agent[76] 

2.5.2 Thermal decomposition 

This method consists in the thermal reduction of iron oxides (e.g. FeOOH) or iron 

salts at high temperatures (>500°C) and using H2 as reducing agents [79] Parameters 

such as the rate of heating, the temperature of reaction, and the annealing time have 

influence on the size and size distribution of the nanoparticles[80].  

2.5.3 Electrolysis 

This method produces nZVI particles from a solution with ferrous and/or ferric salts 

applying an electric current between an anode and a cathode. The synthesized 

nanoparticles are deposited on the cathode, and are further detached using 

ultrasonication or other methods[76]. This method is considered cheaper and faster 

than chemical reduction[76]. The only issue is the high aggregation of fresh metallic 

nanoparticles at the cathode[80]. 
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2.5.4 Precision milling 

It consists on crushing micro-sized ZVI particles using stainless steel beads in a 

high-speed rotary chamber[77]. This method is solvent-free and doesn’t require 

sophisticated equipment. However, the nanoparticles produced have irregular shapes 

and have strong tendency to agglomerate[80] 

2.5.5 Other techniques 

nZVI has also been synthesized using chemical vapor deposition, vacuum 

evaporation and sputtering[79]. However, these techniques require larges amount of 

energy and sophisticated equipment. So, they have been limited to lab-scale 

research[77]. 

2.6 Main challenges in the use of nZVI particles 
Despite its many advantages, nZVI particles have several obstacles to practical 

application, mainly due to their strong tendency to homoaggregate and adhere to solid 

surfaces[10][81]. As a result, nZVI has low soil mobility which limits its ability to reach 

target contaminants in soils. Different strategies have been developed to improve the 

colloidal stability of nZVI particles by lowering their interparticle attractions. These 

methods include metal doping, surface coating or nZVI deposition on supports[76]. 

Each method has its advantages and drawbacks. 
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Figure 2.6. (Top) Scheme methods used for improving nZVI properties: (a) metal doping, (b) 

surface coating, and (c) nZVI deposition on supports. (Bottom) TEM Images of (d) nZVI and 

b Pd/Fe nanoparticles (Reprinted from[82]), (e) CMC-coated nZVI (Reprinted from[83]), 

and (f) nZVI supported on zeolite (Reprinted from [84]). 

2.6.1 Metal doping 

One method used to increase the effectiveness of nZVI is the coupling of nZVI with 

other metals to form a bimetallic nanoparticle. The doping metal acts a catalyst and 

increases the rate of  reduction[85]. For example, In the case of Pd-nZVI particles, the 

increment on the rate of reduction is attributed to the galvanic contact between 

palladium and iron, which creates a large electrochemical potential difference[86], and 

the fact that palladium itself is a common catalyst for redox reactions. 

Both effects result in enhanced iron corrosion. Some noble metals used to obtain 

bimetallic ZVI nanoparticles include Pd[82][87][88], Pt[88], Ag[89], Ni[88][90], and 

Cu[91].Palladium is the most common metallic catalyst used with nZVI for remediation 

purposes[76] . 

b. c. a. 

d. e. f. 



M.A.Sc. Thesis – Maria Ruiz-Caldas McMaster University – Chemical Engineering 

 

18 
 

The synthesis process consists in the reduction of a metal salt containing the doping 

metal: 

𝐹𝐹𝑒𝑒0 +
2
𝑛𝑛
𝑀𝑀𝑛𝑛+ → 𝐹𝐹𝑒𝑒2+ +

2
𝑛𝑛
𝑀𝑀0  

The resulting nanoparticle has a layer of the doping metal on top of the nZVI surface 

[85]. At 2011, approximately 40% of all nZVI remediation projects in the US used 

bimetallic nZVI[92] 

2.6.2 Supported nZVI 

Solid materials such as silica [93][94], biochar[95][96], ionic resins[97][98], graphene 

[99][100][101], minerals such as bentonite[102], kaolin [103] and zeolite[84], and 

nanoporous networks made of covalent organic polymers[104] have been successfully 

tested as supporting materials. The use of solid supports reduces nZVI oxidation, 

controls aggregation and approaches the contaminant near the nZVI by adsorption to 

the support [76]  

2.6.3 Surface coating 

Coating the nZVI surface with a soluble polymer or surfactant increases the 

repulsive forces to overcome the magnetic and magnetic iron attractive forces[80]. 

These coatings also offer protection against iron oxidation. 

Two approaches can be used for coating nanoparticles. One method involves mixing 

of coating solution with nZVI after particle synthesis (i.e., post-synthesis method), or 

the addition of a coating solution to the precursor solution of Fe prior to nZVI particle 

synthesis (i.e., pre-synthesis method). The pre-synthesis method yields nZVI 

suspensions with greater stability[83] 

Synthetic polymers such as poly-styrene-sulfonate (PSS)[14], poly(methyl 

methacrylate) (PMMA) [16], poly(acrylic acid) (PAA)[17], and Poly(N-vinyl-2-
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pyrrolidone)[18], natural polymers such as starch[19][15], guar gum[15], carboxymethyl 

cellulose(CMC) [14][19][20], and surfactants as Tween 85[105],  SDS[106], and CTAB[106] 

have been used for this purpose. 

Between these polymers, CMC have gained consideration over the last decade. CMC 

significantly improves the performance of nZVI particles[107]. Besides functioning as a 

stabilizer, CMC also provides an additional capacity for contaminant removal via 

adsorption[76]. For example, Wang et al. demonstrated that the Cr(VI) removal 

efficiency of CMC-stabilized nZVI is approximately four times higher than non-

stabilized nZVI [49].  However, its main disadvantage is that CMC can generate complex 

with divalent cations present in soils, inducing precipitation and therefore reducing 

nZVI mobility in practical applications [108] 

 

2.7 Cellulose nanocrystals 
The colloidal stabilization of nZVI is essential for its practical use for soil 

remediation. One method to stop nZVI aggregation and improve nZVI mobility is the 

use of particle-stabilizing materials. We hypothesize that the use of a rigid structure will 

optimize the exposure of nZVI to contaminants, and a nanoscale stabilizer will have a 

smaller impact on nZVI mobility. A good support should also be nontoxic, 

environmentally friendly, low-cost, easily available, and stable against the changes that 

can occur in the sites in which nZVI is going to be used [76] 

One nanoparticle that meet all these requirements are Cellulose nanocrystals. 

Cellulose nanocrystals (CNCs) are exceptional nanomaterials derived from cellulose, 

which is the most abundant biopolymer on earth[109] CNCs have been of great scientific 

interest due to their high crystallinity, low density, rod-like shape, high aspect ratio 

(diameter/length), high specific surface area, good mechanical properties (high 

stiffness and elastic modulus), low coefficient of thermal expansion, stability in 
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aggressive media, gas permeability and optical transparency[110]. Moreover, CNCs are 

biodegradable, sustainable, and highly abundant [111]. 

Various research groups have reported on the synthesis of metallic nanoparticles on 

raw CNCs by chemical and thermal reduction. Some of the metals deposited include 

copper [25], platinum [25], gold [26][25], silver [25], nickel[27], selenium[28], 

palladium[29], and iron[30], [31].These syntheses often create long rods sparsely covered 

in metals or individual spherical metallic nanoparticles adsorbed to the surface of CNCs.  

The presence of primary and secondary hydroxyl groups on the CNC surface enables 

additional chemical functionalization [22][34]. For example, the hydroxyl groups on the 

CNC surface can be converted into carboxyl groups using sodium hypochlorite (NaOCl) 

and the system (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl-sodium bromide (TEMPO-NaBr) 

as catalyst[35]. Carboxyl groups can adsorb divalent metal ions by covalent 

binding[36][37]. This surface functionality has been recently used to increase the density 

of nanoparticles deposit on the CNC surface[37] 

Silver nanoparticles have primarily been deposited on TEMPO-oxidized CNCs 

[37][38][39], while metals such as copper[40] and gold[41] have been deposited on the 

surface of  TEMPO-oxidized cellulose nanofibrils (CNFs), using carboxyl groups as 

anchor sites for the metallic  nanoparticles. 

2.8 Objectives 
The goal of this research is to synthesize nanocomposites of nZVI loaded on 

cellulose nanocrystals. These nanoparticles will be synthesized by chemical reduction 

at ambient temperature without the use of additional chemicals or sophisticated 

equipment. Two nano cellulose-based supports with different surface functional groups 

will be used. We hypothesize that the number of supports in solution and the type of 

functional groups at the support surface will allow to tune the morphology of this 
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nanocomposite. We expect that improving the colloidal stability of nZVI through an 

environmentally friendly and biodegradable rigid support will enhance its potential for 

environmental applications. The specific objectives of this work include: 

• To develop a cost-effective method to synthesize nanocomposites of iron 

supported on CNCs through chemical reduction. This method may be 

extrapolated to other metallic nanoparticles.  

• To characterize the size distribution, morphology, colloidal stability, and 

chemical reactivity of the nanocomposites synthesized 

• To study the effect of cellulose nanocrystals and oxidized cellulose 

nanocrystals on the mechanisms of nucleation, growth, aggregation and 

aging of iron nanoparticles.  
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3 Chapter 3: Nucleation, growth, and stability of Cellulose 

Nanocrystal-Stabilized Iron Nanoparticles  

 

 

 

 

 

 

 

 

Abstract: Colloidally-stable zero valent iron nanoparticles (nZVI) were synthesized 

through a classical redox reaction of iron sulfate with minor modifications using 

cellulose nanocrystals (CNCs) as stabilizers. We obtained spherical nZVI particles with 

high surface roughness and a mean size of 130nm. Particles remain colloidally stable 

after more than two months. Cellulose nanocrystals play a dual role in nZVI stability: a 

foreign surface to encourage stable nucleation over fast aggregation and a stabilizer to 

prevent iron nanoparticles aggregating into fractal colloids. Our results highlight the 

impact of the presence of CNCs on the rates and mechanisms of nucleation, growth, 

aggregation, and aging of nZVI particles, indicating promise in controlling size and 

morphology of similarly redox-generated nanoparticles. Cellulose nanocrystal-

stabilized nZVI nanoparticles demonstrate properties well-suited for enhanced soil and 

groundwater remediation.  
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3.1 Introduction 
In last two decades, Nanoscale zero-valent iron particles (nZVI) have emerged as a 

promising material for in-situ soil remediation because of its high surface area to 

volume ratio, high reactivity, and versatility for the treatment of a wide variety of 

organic and inorganic compounds [Chapter 2]. However, nZVI is prone to rapid 

homoaggregation mainly due to its high attractive forces among particles[112], which 

limits their mobility in porous media. 

One approach to overcome this disadvantage and improve the colloidal stability of 

nZVI dispersions, is the use of organic coatings as steric stabilizers. Synthetic polymers 

such as poly-styrene-sulfonate (PSS)[14], poly(methyl methacrylate) (PMMA) [16], poly 

(acrylic acid) (PAA)[17], and Poly(N-vinyl-2-pyrrolidone)[18], and natural polymers such 

as starch[19][15], guar gum[15], carboxymethyl cellulose(CMC) [14][19][20] have been 

used for this purpose. Although the stability of nZVI can be enhanced by surface 

coatings, coating nanoparticles passivates the reactive particle surface, reducing 

nanoparticle reactivity. We hypothesized that the use of nano-sized rigid stabilizers 

would have a lower passivating effect as compared to large flexible macromolecules.  

Bossa et al. [31] showed that cellulose nanocrystals (CNCs) are one possible rigid 

support for nZVI. However, their work has several gaps concerning the influence of 

CNCs in the final morphology adopted by nZVI and its mechanism of aging. Cellulose is 

the most prevalent natural polymer, and CNCs are its rod-like naturally occurring 

crystalline nanostructure, which has been intensely studied in recent years[4]. 

Previous works reported the synthesis of metallic nanoparticles on raw CNCs by 

chemical and thermal reduction. Some of the metals deposited include copper [25], 

platinum [25], gold [25][26], silver [25], nickel[27], selenium[28], palladium[29], iron and 

iron oxides [30], [31] [32]. 
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In this work, we synthesized CNC-supported nZVI nanoparticles with highly 

controlled growth and purification conditions leading to nanoparticles with enhanced 

properties for soil and groundwater remediation.  

Moreover, the mechanism for nZVI nanoparticle evolution from nucleation to aging 

has been investigated. The size, morphology, and stability of nZVI nanoparticles has 

been found to be regulated by varying the CNC concentration in the reaction medium. 

We analyzed the synthesized particles using Transmission Electron Microscopy (TEM) 

and Energy Dispersive X-ray Spectroscopy (EDS), while the particle stabilization was 

monitored visually and quantified using Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES). Finally, the influence on CNCs in the rates and mechanisms of 

nucleation, growth, and aging was explored. 

3.2 Materials and methods 
3.2.1 Materials 

Cellulose nanocrystals (CNCs) with 0-2% sulfur content were purchased from the 

University of Maine as ~98% freeze-dried powder. Nitrogen (>99.999%) was obtained 

from Air Liquide. The following chemicals were used as received: Iron(II) sulfate 

heptahydrate (FeSO4∙7H2O, ≥98.0%, Sigma Aldrich), sodium borohydride (NaBH4 98%,  

Alfa Aesar), and ethanol  (94.0% - 96.0% ACS - BDH - VWR international). Ultrapure 

water (18.2 MΩ) was used throughout the study.  

3.2.2 Synthesis of nanostructures.  

Stabilized nZVI nanoparticles were prepared by modifying the conventional 

borohydride reduction method [12] through the addition of CNC nanoparticles.  

In all experiments, the mass of iron was kept constant and only the amount of CNCs 

was modified to obtain the desired CNC: Fe2+ ratio. For this work, three molar ratios 

were tested: 1:1, 4:1 and 8:1. This ratio refers to the moles of anhydroglucosidic units 



M.A.Sc. Thesis – Maria Ruiz-Caldas McMaster University – Chemical Engineering 

 

41 

(AGU) found on the CNCs per mol of iron. For example, an 8:1 ratio of moles of AGU 

found on CNCs per moles of iron, (CNC: Fe2+), corresponds to 110.7 mg of CNCs for 10 

mg of Fe (see Table 3-1).  

A 25mg/mL stock solution of CNC was used for all the sets of experiments. This 

solution was prepared dispersing freeze dried CNCs using an ultrasonic homogenizer 

(500 W, 20 kHz, Q500, Qsonica) at 40% of amplitude with an on/off pulse of 2 s for 5min. 

Previously made CNC solutions were separately purged of oxygen by bubbling N2 gas for 

at least 15 min right before use. 

DI water was heated above 70°C for at least 30 min and then purged sparging 99% N2 

gas for the same time to produce deoxygenated (DO) water. All the solutions added 

during the synthesis process were prepared using deoxygenated (DO) water. 

The synthesis was carried out in a 50 mL round bottom flask with a constant flow of 

N2 gas. Bubbling N2 also aided in mixing the solution in the absence of magnetic 

stirring.  First, the required amount of solution of CNCs was added to the bottom flask 

and diluted using DO water to get a total volume of 44mL. A fresh solution of FeSO4 was 

prepared immediately before iron reduction. 49.8 mg FeSO4∙7H2O (corresponding to 

10mg of Iron) were dissolved in 1mL of DO water and were added to the CNC solution. 

A summary of the volumes and concentrations used in the synthesis process is 

shown in Table 3-1. 

The CNC-FeSO4 aqueous mixture was sparged with N2 for at least 15 min to 

encourage mixing and ensure that Fe2+ diffused to the negatively charged sites on the 

CNC surface. nZVI particles were formed near negatively charged sites of the CNC by 

reducing Fe2+ ions using 5 mL of a borohydride solution (introduced at a rate of 

500μL/min) in a BH4
−/Fe2+ molar ratio of 2:1. A 10% excess of borohydride was used to 

ensure total reduction to nZVI since some borohydride is also consumed in reaction 
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with water. After completing the borohydride addition, the flask was left for at least 30 

minutes to ensure complete iron reduction. In all the experiments, the final 

concentration of iron was 0.2g/L. The nanocomposite solution was stored in ambient 

conditions without further treatment.  

For further comparison, raw nZVI (i.e., without CNCs in solution) was also 

synthesized following the procedure previously described. 

 

System CNC nZVI 
1:1 

CNC nZVI 
4:1  

CNC nZVI  
8:1 

Raw nZVI 

Molar ratio (CNC:Fe) 1:1 4:1 8:1 - 
Molar ratio (-SO3H:Fe) 1:19.3 1:4.8 1:2.4 - 
Mass ratio (CNC:Fe) 2.77:1 11.07:1 22.13:1 -  
Mass CNC added (mg) 27.7 110.7 221.4 - 
Concentration CNC (wt. %) 0.055% 0.221% 0.443% - 
Mass FeSO4∙7H2O added (mg) 49.8 49.8 49.8 49.8 
Equivalent mass Fe added 
(mg) 

10 10 10 10 

Mass NaBH4 added 15.2 15.2 15.2 15.2 
Table 3-1. Summary CNC:nZVI synthesis experimental parameter values. The parameter 

Molar ratio (-SO3H:Fe) was calculated using the sulfate half-ester content of 335 mmol/kg 

of CNC reported by Reid et al[113] for this same type of CNCs. 

The synthesis process of CNC-supported nZVI particles (CNC:nZVI) is illustrated in 

Scheme 3.1 
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Scheme 3.1. Illustration of CNC:nZVI synthesis. The rod-like particles represent cellulose 

nanocrystals (CNC) while the black core-shell spheres represent metallic iron nanoparticles. 

A typical example of these nanoclusters is shown in Figure 3.2. 

3.2.3 Nanostructure characterization 

3.2.3.1 Colloidal stability 

10mL of fresh nanoparticle suspensions (either raw nZVI or CNC:nZVI) were 

transferred into 10mL vials and kept under lab conditions (22°C, atmospheric pressure), 

to track their stability over time. The vials were monitored by visual inspection for 20 

days, and the changes were recorded by photographs. 

4mL of fresh CNC:nZVI were added in a glass vial and were allowed to settle for 20 

days under ambient conditions. The amount of colloidally stable iron in solution was 

measured using Inductively Coupled Plasma-Optical Emission Spectrometer (Varian 

Vista Pro ICP-OES) and compared with the total amount of iron added to the vial 

initially. The iron content was measured at wavelengths of 234.350nm, 238.204nm, 

258.588nm, and 259.940nm comparing it with the working standard solutions which 

were prepared by diluting a multielement standard solution (Sigma Aldrich) on HNO3 

10% w/v. A total of five (5) standard solutions were prepared: 100ppb, 500ppb, 1ppm, 

5ppm, 10ppm. The samples were diluted 10-fold or 50-fold in HNO3 10% w/v (See Table 

S3-1). Due to their much larger particle size, raw nZVI was first dissolved in HCl 35% 
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and then diluted 50-fold in HNO3. Three (3) samples were analyzed for each batch of 

CNC:nZVI 

3.2.3.2 Size, morphology, mechanism of formation and aging 

TEM was used to evaluate the size and morphology of the CNC:nZVI nanoparticles. 

The measurements were performed on a Philips CM12 microscope operated at 120 kV. 

An amount of freshly prepared samples of CNC:nZVI nanoparticles were diluted to get a 

concentration of 100ppm of analytes (CNC and nZVI)  before analysis. Two different 

solvents were used to make the dilutions: a solution of ethanol 60% v/v and DO water.  

The ethanol-diluted samples were sonicated in an ultrasonic bath for 30 s. A drop (5 

μL, 100 mg/mL in either 60%EtOH or DO water) of the CNC:nZVI diluted solution was 

placed on a holey carbon-coated copper grid. 

The drop was allowed to dry on the grid for at least one hour. At least 100 particles 

were measured to evaluate the particle morphology and size distribution. ImageJ v1.52a 

software was used to analyze the TEM  images. Two histograms were generated: one 

corresponding to the particle size distribution with bin sizes of 20 nm and a second of 

surface roughness with bin sizes of 0.1.   

The water-dissolved samples were prepared in the same way as the ethanol-

dissolved samples. At least 500 particles were measured to evaluate the size distribution 

of smaller particles observed in water-dissolved samples. Two particle size distribution 

histograms were generated, a particle-number normalized and a particle-volume 

normalized with a bin size of 25nm each. 

The electron microscopy studies were performed in a  JEOL 2010F equipped with a  

field emission gun (FEG) operated at 200kV. The composition of CNC : nZVI 
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nanoparticles was investigated by EDS analysis using an Oxford Inca EDS system.  The 

grids previously prepared for the TEM images were used for this analysis. 

3.3 Results 
Figure 3.1a. shows zero-valent iron nanoparticles synthesized without support (raw 

nZVI) and with CNCs at different CNC:nZVI ratios of 1:1, 4:1, and 8:1. After less than 1h 

without mixing, the particles without support (raw nZVI) precipitate, while the CNC-

supported nZVI particles remain colloidally stable. From Figure 3.1a, it is clear that 

CNCs prevent nZVI homo-aggregation. Within one day in these sealed vials, there is no 

noticeable difference between the particles synthesized with different amounts of 

support. However, the raw nZVI become fully oxidized, evident from their change in 

color from black to orange in less than one day (Figure 3.1b). The oxidation of CNC-

supported nZVI only occurs after several days. The ratio of CNC to nZVI has an 

observable impact on the nanoparticle aging rate, suggesting a difference in aging 

mechanism among these solutions (Figure 3.1c). 
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Figure 3.1. Photographs of (a) fresh, (b) 1-day aged, (c) and 40-day aged iron nanoparticles 

with different amounts of  CNC as support (From left to right: Bare nZVI -, CNC:nZVI A - 

CNC:nZVI B - CNC:nZVI C). CNCs-supported iron particles are colloidally stable. (d) ICP-

OES measurements showing the amount of colloidally stable nZVI with respect to the ratio of 

CNC added. Error bars are the standard deviation. 

To determine the fraction of the nZVI that aggregates, we quantify the fraction of 

iron sedimented within the vials through ICP-OES measurements. Figure 3.1d shows the 

percentage of colloidally stable iron compared with the total amount of iron inside each 

vial. As can be seen, there is a dependence on the amount of colloidally stable nZVI with 

the amount of CNCs added to the system. 

We used TEM to analyze the impact of CNCs on the change in Fe0 nanoparticle 

(nZVI) morphology. Figure 3.2 shows how nZVI morphology and rugosity (i.e., surface 

roughness) changes with different amounts of CNCs added to the reaction media before 

redox reactions occur. These TEM images are reproducible and representative of at 

least 100 particles across duplicate samples. These samples were diluted using Ethanol 
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60% v/v as solvent.  Particles synthesized without the presence of CNCs formed chain-

like aggregates whose length were on the order of micrometers (Figure 3.2a). In 

contrast, nZVI particles synthesized using CNCs as support mainly form ~130nm 

spherical aggregate particles made from ~20nm primary particles, as can be seen in 

Figure 3.2. The mean size of spherical aggregates is consistent with previous studies [31] 

and similar morphologies were reported by Cheng et al[9] on iron-oxide nanoparticles 

synthesized at high temperatures using polyols as solvents. To our knowledge, this is 

the first reported observation of such primary particles synthesized in aqueous 

conditions at ambient temperature.  Aggregated primary particles create nanometer 

scale roughness over the surface of the ~130nm spherical aggregate particles. 

  

 

  

   
Figure 3.2. (a-d) TEM images of iron particles with different amounts of CNC as support. 

Bare nZVI (a)  CNC:nZVI 11(b) CNC:nZVI 41(c) CNC:nZVI 81 (d). CNCs have a strong 
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influence on the size and morphology of the particles. (e) lower magnification TEM image of 

iron nanoparticles surrounded by CNCs  for  the system CNC:nZVI ratio of 8:1. The 

brightness and contrast of the image were modified to improve the visibility of the CNC 

nanoparticles . (f) A secondary particle (d~130nm) is made from aggregates of primary 

particles (d~20 nm) and surrounded by CNCs. A similar orientation of CNCs to nZVI was 

observed for the other evaluated ratios All the samples were diluted in ethanol 60% v/v. (g) 

Particle size distribution and (h) circularity distribution histograms of nZVI particles 

The corresponding particle size distribution and rugosity of the obtained 

nanoparticles are given in Figure 3.2. We use the Feret diameter (Fd) – Defined as the 

maximum distance between two tangents on opposite sides of a particle – to quantify 

particle size in Figure 3.2g. For the roughness, we use the ratio between the perimeter 

of the particle obtained on ImageJ and the ellipsoidal perimeter (Eq. 1).  

The amount of CNCs added does not have a statistically relevant impact on the mean 

size or sphericity of the nZVI particles, however greater amounts of CNCs produce a 

broader distribution of sizes and non-spherical particles, with 8:1 ratio producing 

prominent number of aggregates above 180 nm and circularity ratios > 1.6 as compared 

with lower CNC ratios.  

   
Each nZVI particle can be seen to be surrounded by several CNC particles, as 

observed in the TEM images (Figure 3.2). At high magnification, the cellulose 

nanocrystals cannot be easily differentiated from the carbon present on the TEM 

𝑅𝑅𝑛𝑛𝑛𝑛 =
√2𝑃𝑃

𝜋𝜋�𝐹𝐹𝑑𝑑2 + 𝑓𝑓𝑑𝑑2
 

𝑅𝑅𝑛𝑛𝑛𝑛: Roughness nanoparticle 

𝐹𝐹𝑑𝑑: Feret diameter 

𝑓𝑓𝑑𝑑: minimum Feret diameter 

P: Perimeter 

Eq. 1. 
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copper grid, due to the low contrast resulting from carbon dominating the composition 

of cellulose[25]. However, at lower magnification, it is possible to see the cellulose 

nanocrystals surrounding nanoparticles of iron (Figure 3.2). 

TEM samples were also prepared using water as solvent to encourage rapid aging 

(Figure 3.3c, d). These samples were compared with the TEM images obtained using 

ethanol 60% v/v (Figure 3.3 a, b). A 60%v/v solution of ethanol was used instead of pure 

ethanol to avoid CNC or nZVI homoaggregation while preventing oxidation. Fewer 

spherical aggregates, the presence of many small nanoparticles (< 20 nm) and 

nanocrystalline iron oxide were observed in the water-diluted samples as compared to 

the ethanol-diluted samples. All particles in ethanol are secondary nZVI particles 

adsorbed to CNCs, as shown in the TEM images of Figure 3.3a,b. nZVI in DO water, 

however, were observed to have substantially fewer secondary particles, as 

demonstrated in the TEM images in Figure 3.3c and an unexpectedly high number of 

primary particles (Figure 3.3c,d). All of the primary nanoparticles are attached to the 

CNCs (Figure 3.3d).  The iron composition of the primary nanoparticles was confirmed 

using EDS; Figure 3.4), which shows that these particles are composed of iron and have 

a higher oxygen content than ethanol-dissolved samples.  
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Figure 3.3. (a-d) TEM images of CNC-nZVI nanocomposites dissolved in 60% EtOH (top) 

and dissolved in water (bottom) during grid preparation. Secondary particles have the same 

size and morphology in both water and ethanol, but a burst of smaller particles is only seen 

in water-dissolved samples. (e) Number-weighted and (f) volume-weighted histogram size 

distribution of particles dissolved in water and ethanol. A bimodal distribution can be 

observed in the water-dissolved samples. All data correspond to the ratio CNC to nZVI 1:1 
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Figure 3.4. Dark field STEM image (a) and EDS maps of CNC:nZVI nanoparticles 

corresponding to the ratio CNC to nZVI 1:1 diluted in ethanol (top) and water (bottom). 

STEM images show spherical nZVI in ethanol and in water (a,d).  Fe (b,e) and O (c,f) 

elemental mapping showing the composition of these nanoparticles. The smaller particles 

formed in water-dissolved samples have the same composition of secondary particles. 

3.4 Discussion 
The formation of iron particles from a metallic salt follows the following steps 

(Scheme 3.2 – 1):  Formation of zero valent molecules through redox reduction, 

homogenous nucleation of metallic iron to form primary particles, growth of primary 

particles through molecular accretion, particle aggregation and coalescence to form 

secondary particles, and aggregation of  secondary particles to form fractal aggregates 

of iron  [78]. 
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The presence of CNCs affects the rates and mechanisms of iron nucleation, growth, 

and aggregation. Similar changes were reported by He and Zhao using CMC as stabilizer 

[114]. changes are represented in Scheme 3.2 and are explained below. 

 

Scheme 3.2. Mechanisms of iron nucleation, growth, and aggregation without (top) and with 

(bottom) CNCs. 

3.4.1 Nucleation and Growth  

The sulfate groups introduced during cellulose hydrolysis provide a negative charge 

over the surface of the CNCs. When a salt is added to an aqueous suspension of CNCs 

(e.g., FeSO4), cations accumulate at the surface. According to EDL theory, cations form 

an electric double layer with a positive charge over the surface. The charge distribution 

of ions decreases as a function of the distance from the surface (Scheme 3.2 - 2A).  

Following the EDL theory, the distribution of cations decreases exponentially as the 

distance from the CNCs increases (Eq. 2.).  Consequently, redox reactions will 

preferentially occur at or near the CNC surface when NaBH4 is added. The close 

proximity of zerovalent iron molecules to the CNC surface encourages the nucleation of 

metallic iron nanoparticles on the CNC particles (Scheme 3.2 - 2B). 
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𝑛𝑛𝑖𝑖(𝑥𝑥) = 𝑛𝑛𝑖𝑖0 exp �−
𝑧𝑧𝑖𝑖𝑒𝑒𝑒𝑒(𝑥𝑥)
𝑘𝑘𝑏𝑏𝑇𝑇

�  

𝑛𝑛𝑖𝑖: Particle density (#particles/cm³) 

𝑛𝑛𝑖𝑖0: Bulk particle density (#particles/cm³) 

𝑧𝑧𝑖𝑖: Ion valency 

𝑒𝑒(𝑥𝑥): Electrical potential energy (V) 

𝑘𝑘𝑏𝑏: Boltzmann constant (J/K) 

𝑒𝑒: Charge electron (C) 

T: Temperature (K) 

Eq. 2. 

 

 

The CNC particles initially act as a foreign surface in the liquid phase where the 

redox reaction occurs. A foreign surface stimulates the nucleation process decreasing 

the critical free energy required to form a nucleus[78][115]. Under these conditions, an 

heterogeneous nucleation occurs, which is more favorable than an homogeneous 

nucleation[116]. 

A greater concentration of CNCs in solution accelerates the nucleation process due 

to a higher number of available nucleation sites. After iron nuclei are formed, the iron 

molecules aggregate on the CNC surface (Scheme 3.2 - 2C) to form primary particles 

(Scheme 3.2 - 2D). From TEM images, the diameter of those primary particles is ~10nm. 

Two steps are involved in the formation of the primary particles: diffusion of the 

zero valent iron molecules to the nuclei and the adhesion of those molecules to the 

nuclei [117]. To favor iron nucleation on CNCs over aggregation, we control the rate of 

iron molecular diffusion by manipulating three variables: the rate of addition of sodium 

borohydride, the initial iron sulfate concentration, and the CNC concentration. A slow 

addition rate of sodium borohydride (500μL/min) and a low iron sulfate concentration 
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(~4mM) results in a low concentration of zero valent iron molecules in the system, and 

the presence of CNCs increases the viscosity of the solution[118]. 

Zero-valent iron molecules become zero valent iron nanoparticles on the surface of 

the CNCs through nucleation and growth. We expect that CNCs do not have a significant 

impact on the diffusion of zero valent iron molecules. However, the diffusion of the 

nZVI particles (primary and secondary particles) is impacted by the presence of CNCs 

because nZVI particles nucleate on the surface of the CNCs and are thereby prevented 

from aggregating with other nZVI particles. The comparable size of the CNCs and the 

nZVI particles enables effective stabilization of the nZVI to prevent future aggregation. 

The presence of CNCs does not have an impact on the cohesive forces between 

molecules of ZVI and particles of nZVI.   

At a critical size at the CNC surface, the primary particles start to interact with one 

another and grow through aggregation and coalescence[116] to create secondary 

particles  (Scheme 3.2 - 2E). These secondary particles have a mean size of 130nm 

(Figure 3.2g). The presence of CNCs also affects the growth of primary particles. An 

increase in the number of CNCs in solution results in a reduction in the rate of diffusion 

of primary particles and a drop in the rate of aggregation of secondary particles. This 

statement is evident from the TEM images of fresh iron particles (Figure 3.2). Further, 

the slower rate of diffusion of primary particles causes less dense, less homogenous 

secondary particles evidenced by broader size and sphericity distributions of secondary 

particles (Figure 3.2). 

Fractal aggregates observed in bare ZVI are made from secondary particles. CNC 

particles act as stabilizers to prevent secondary nZVI particles from further aggregation 

(Figure 3.2e,f). These effects are proportional to the concentration of CNCs in the 

system 
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The secondary particles have a surface roughness (Figure 3.2). As described by  

Baumgartner et al., the roughness indicates that the secondary particles form through 

primary-particle aggregation rather than molecular accretion[78]. It is likely that 

primary particles are formed through molecular accretion, while secondary particles 

are formed from primary particle homoaggregation.  

3.4.2 Aging 

The size and morphology of the various CNC-nZVI composites is expected to affect 

the rate and mechanism of nZVI oxidation. To analyze their mechanism of aging, we 

dissolved nZVI-CNC nanoparticles in two different solvents - DO water and ethanol 60% 

v/v – and analyzed them under TEM. Ethanol is commonly used to prevent 

oxidation[18][119] during storage, while iron anaerobically corrodes in water[120]. In 

Figure 3.3, TEM images show nZVI in more advanced stages of oxidation in water than 

in ethanol. The reduced concentration of secondary particles and the presence of large 

numbers of primary particles in water dissolved samples as compared with ethanol 

dissolved samples suggests that secondary particles degrade to become primary 

particles in aqueous media, i.e., as a result of aging (Scheme 3.3). The oxide-hydroxide 

groups formed on the nZVI particle surface during oxidation are more hydrophilic than 

bare iron. [119]. As the oxide layer grows, there is a strong driving force leading to the 

break-up of the secondary particles.  
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Scheme 3.3 Proposed aging mechanism nZVI particles attached to CNCs 

Of importance, both the secondary and primary particles are always attached to 

CNCs (Figure 3.2e,f, Figure 3.4). This observation implies that the cohesive forces 

between slightly oxidized primary particles are lower than the adhesive forces between 

nZVI and CNCs.  

Due to the rod-like shape of CNCs with similar dimensions to secondary particles, 

CNCs do not coat the nZVI surface like other natural biopolymers used in nZVI 

stabilization [19]. Rather, CNCs acts as a support, leaving a higher surface area available 

for redox reactions as compared with other organic supports. 

3.4.3 Influence of the CNC:nZVI ratio 

As shown in Figure 3.2, iron nanoparticles synthesized on CNCs with a ratio of 

CNC:nZVI of 8:1 have a higher surface roughness and a wider size distribution than 

nZVI nanoparticles synthesized with fewer CNCs (CNC: nZVI ratios of 1:1 and 4:1). 

Greater roughness indicates secondary particles composed of less densely packed 

primary particles, while a broader size distribution is indicative of less uniform 

aggregation. Therefore, the nZVI in the CNC:nZVI 8:1 system are formed of more 

loosely packed primary particles than the other two systems. It is expected that higher 

concentrations of CNCs in solution will further reduce the rate of primary particle 

aggregation, thereby creating less dense secondary particles. Following this trend,  
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there may exist a CNC concentration in which primary-particle aggregation is stopped, 

resulting non-aggregated primary particles as a final morphology. However, at high 

CNC concentration, CNC homoaggregation occurs, decreasing the surface area available 

for nZVI nucleation. For this reason, higher amounts of CNC were not evaluated. 

Figure 3.1a demonstrates that nZVI is stabilized for all amounts of CNC tested, but 

the number of particles that are colloidally stable differs within each system. The 

solution color changes over time from black to light brown and fluffy brown 

precipitates form (Figure 3.5c). More precipitate forms in the CNC:nZVI 1:1 system 

(Figure 3.1d) than in the other three systems. This precipitate resembles precipitated 

magnetite particles reported by Liang et al. [19] when the concentration of their 

stabilizer was below the critical stabilization concentration (CSC).   

In our system, precipitation likely occurs because there are too few CNCs to prevent 

all the aggregation of secondary particles. While initially all of the nZVI is stabilized by 

CNCs, some secondary particles are able to aggregate during particle formation. These 

non-stable CNC-nZVI aggregates were observed to be micrometers in length (Figure 

3.5), similar to homoaggregates of nZVI, but clearly composed of primary particles and 

surrounded by CNCs. Precipitation appears after several days – instead of hours as is 

observed with raw nZVI – implying that all nZVI are attached to CNCs to some degree 

and that CNCs stabilize nZVI in solution reducing the rate of sedimentation compared to 

bare ZVI. 
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Figure 3.5. (a,b) TEM image of nZVI aggregates without (a) and with (b) CNCs. Fractal 

aggregates with surface roughness are observed, indicating that CNCs have an impact on 

the morphology of these structures (c) Vials containing fresh (left) and oxidized (right) iron 

particles synthesized using CNCs as support with a ratio of 1:1. (d) proposed morphology of 

CNC- iron particles in each fraction 

As seen in Figure 3.1c,d aged vials of CNC-nZVI have vertical gradients of color. 

These gradients are indicative of both size, density, and oxidation state of the 

nanocomposites. Black solutions are reduced nanoparticles, while orange solutions are 

oxidized solutions. The particle density at the top of the vial is lower than at the bottom. 

The uppermost region is composed of oxidized primary iron particles and other non-

spherical morphologies from different iron oxides[67] that form as explained above. As 

secondary particles break apart during aging, the less dense substructures that form 

partition to the top of the vial (Figure 3.5-d1), while intact secondary particles remain in 

the middle. The bottom of the vial corresponds to the particles of CNC-nZVI microscale 

aggregates that undergo differential settling (Figure 3.5-d3).  

The role of CNCs as nZVI stabilizer was quantified by measuring the fraction of 

suspended particles after 20 days of settling through ICP-OES measurements. The ICP-

a. 

b. 
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OES measurements show that the fraction of iron particles that remain colloidally stable 

is proportional to the number of CNC particles (Figure 3.1d). As expected, a higher CNC: 

Fe ratio results in a higher fraction of colloidally stable iron, which supports the 

hypothesis that the uppermost region of the solutions is composed of a large number of 

primary particles suspended by CNCs. 

A combination of particle size distribution, mass densities and and certain basic 

assumptions enlables to determine the number of cellulose naocrystals per number of 

primary and secondary particles (See supporting information). These calculations show 

that for the system CNC:nZVI 1:1 there is ~2 CNC particles per primary nZVI particle, 

and ~2100 CNC particles per secondary nZVI particle; while for the system CNC:nZVI 8:1 

there is ~12 CNC particles per primary nZVI particle, and ~23000 CNC particles per 

secondary nZVI particle. These results suggest that not all the CNCs act as a foreign 

surface for heterogeneous nucleation. Instead, a higher amount of CNCs increases the 

probability that heterogeneous nucleation occurs. Moreover, these “excess” CNCs are 

necessary for the synthesis process of colloidally stable nZVI particles since they have 

other functions during nZVI  formation. 

3.5 Conclusions 
CNCs can act as effective stabilizers for preparing iron nanoparticles with a high 

colloidal stability. Varying CNC concentration allows fine control over nZVI particle 

stability, degree of aggregation,  size, and morphology. The mechanisms and rates of 

nucleation, growth, and aging are all affected by the presence of CNCs. Initially, CNCs 

acts as a foreign surface to encourage heterogeneous nucleation. At a critical nZVI 

particle size, CNCs act as capping agents and stabilizers, which control nZVI particle 

size and avoid the formation of microaggregates. The presence of CNCs significantly 

decreased the rates of both aggregation and sedimentation of nZVI.  
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nZVI-CNC nanocomposites are ~130nm flower-like spherical aggregates made from 

~10nm iron particles supported by CNCs. Aggregated primary particles create 

nanometer scale roughness over the surface of the ~130nm spherical aggregates. When 

exposed to air, CNC-supported Fe0 oxidation is slowed, such that oxidation occurs 

several days after being removed from a nitrogen atmosphere. This implies that Fe-CNC 

nanocomposites maintain their reductive activity in normal conditions for long periods 

of time.  

Additionally, aging analysis suggests that secondary particles disintegrate to become 

primary particles in aqueous media. These primary particles have a higher surface area 

per volume ratio than secondary particles, which suggests that Fe-CNC nanocomposites 

may enhance their reactive potential as they age by exposing greater nZVI surface area. 

These nanocomposites have good potential for environmental remediation based on 

their composition, size, morphology, porosity, and mechanism of aging. On-going and 

future studies will investigate their dynamic reductive activity towards contaminants in 

soils and groundwater.  
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3.7 Appendix: Supporting Information for Chapter 3 
System Phase Dil. factor 

Raw nZVI 
Liquid 10 
Total 50 

CNC:nZVI 1:1 
Liquid 10 
Total 50 

CNC:nZVI 4:1 
Liquid 50 
Total 50 

CNC:nZVI 8:1 
Liquid 50 
Total 50 

Table S3-1. Dilution factors for ICP analysis. 

Assumptions for calculate CNC:nZVI particle-number ratio: 

• CNCs have the shape of a right square prism with average dimensions of 

135nm×7nm ×7nm[113]. 

• Primary and secondary nZVI particles are spherical. 

• The mass density of CNC is 1.5g/cm3 (Data from cellulose nanocrystals (CNC) 

product specification sheet – The university of Maine ) 

• The mass density of nZVI is 7.87 g/cm3 (density metallic iron at room 

temperature) 

Results: 

System CNC nZVI 1:1 CNC nZVI 8:1 
Average diameter primary nZVI (nm) 10.84 ± 6.93 10.59 ± 5.63 
Average diameter secondary nZVI (nm) 122.75 ± 30.08 136.1 ± 32.53 
Number ratio CNC: primary nZVI 1.81:1 11.9:1 
Number ratio CNC: secondary nZVI 2143:1 23352:1 

Table S 3-2. Dimensions and characteristics of nanoparticles involved in nZVI synthesis. The 

average nZVI diameters represent the average of the Feret diameter obtained for each 

system through TEM images.  
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4 Chapter 4: One-step iron metallization of carboxylated cellulose 

nanocrystals 

 

 

 

 

 

 

 

 

Abstract: Nanocomposites composed of carboxylated cellulose nanocrystals and 

iron (Fe-oxCNC) were prepared through a classical redox reaction of iron sulfate using 

TEMPO-oxidized cellulose nanocrystals (oxCNCs) as a template and stabilizer. 

Morphological control over Fe-oxCNC nanoparticles was realized by varying the amount 

of oxCNC added to the redox process. As the molar ratio between oxCNC and Fe was 

increased from 1 to 8, the morphology of Fe-oxCNC nanoparticles evolved from 

rounded iron aggregates supported by cellulose nanocrystals to thin film iron-coatings 

on cellulose nanocrystals. Transmission electron microscopy (TEM), Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES), and chemical analyses (EDX, 

EELS) revealed that oxCNCs were coated by iron. Small changes to the density and type 

of functional groups on the CNC surface have large impacts on the morphology and the 

oxidation state of adsorbed iron nanoparticles.  
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4.1 Introduction 
Metallic nanoparticles are structures made of pure metals or their compounds with 

at least one dimension in the nanoscale. Due to their unique properties, they have broad 

applications in different fields, such as catalysts, sensing, and nanoelectronics[121]. 

However, metallic nanoparticles have drawbacks due to their lack of colloidal stability 

and high inter-particle attractive forces [122]. Organic templates can overcome these 

disadvantages and be used to design new nanocomposite materials with improved 

properties. Polymer-metal nanocomposites can be synthesized with enhanced 

mechanical, electronic and chemical properties over pure metal nanoparticles. The 

desire for greener chemistries in nanoparticle synthesis has increased research focus in 

the use of natural biopolymers, such as cellulose, starch, and chitosan, as templates for 

metallic nanoparticles[123].  

Carboxylated cellulose nanocrystals functionalized through TEMPO-mediated 

oxidation (oxCNC) are one possible support. Cellulose is the most prevalent natural 

polymer on earth[21], and cellulose nanocrystals (CNCs) are its naturally occurring 

crystalline nanostructure. The presence of primary and secondary hydroxyl groups on 

the CNC surface provides many chemical functionalization opportunities[5] such the 

carboxylation of CNC surfaces using sodium hypochlorite as oxidizing agent[35], [124]. 

Carboxyl groups can adsorb divalent metal ions by covalent binding[36][37]. This 

surface functionality has been recently used to increase the density of nanoparticles 

deposit on the CNC surface[37]. 

In this article, we study the changes in the morphology of Fe-oxCNC nanoparticles 

by varying the molar ratios of oxCNC and iron. We analyzed the synthesized particles 

using Transmission Electron Microscopy (TEM), Energy Dispersive X-ray Spectroscopy 

(EDS), and Electron Energy Loss Spectroscopy (EELS), while the particle stabilization 

was monitored visually and quantified using Inductively Coupled Plasma Optical 
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Emission Spectrometry (ICP-OES) and Dynamic Light Scattering (DLS). Compared to our 

previous study [Chapter 3], we show the importance of carboxyl functional groups at the 

CNC surface to control the final iron morphology from flower-like nano-zero valent 

particles supported by CNCs to oxCNCs coated in nano thin-films of iron oxide. We were 

able to achieve this unique iron association with oxCNCs through simple changes in 

conventional methods of metallic salt reduction. This association was achieved without 

thermal inputs, electrical currents, or the addition of surfactants or additional 

stabilizers.  

4.2 Materials and methods 
4.2.1 Materials 

Cellulose nanocrystals (CNCs) with 0-2% sulfur content were purchased from the 

University of Maine as ~98% freeze-dried powder. Carbonate buffer (pH 10.5) was 

prepared with 0.1 M sodium carbonate (boreal science, 16 mL/ 100 mL of buffer 

solution) and 0.5 M sodium bicarbonate (boreal science, 4mL/ 100 mL of buffer 

solution) at room temperature. Nitrogen (>99.999%) was obtained from Air Liquide. The 

following chemicals were used as received: 2,2,6,6-Tetramethylpiperidine 1-oxyl 

(TEMPO, 8%, Sigma Aldrich), Sodium hypochlorite (NaOCl, 5.65-6%/ Laboratory-grade, 

Fisher Chemical), Sodium Bromide (NaBr, 99+%, Alfa Aesar), Iron(II) sulfate 

heptahydrate (FeSO4∙7H2O, ≥98.0%, Sigma Aldrich), sodium borohydride (NaBH4 98%, 

Alfa Aesar), and methanol (≥99.8% ACS - BDH - VWR international). Ultrapure water 

(18.2 MΩ) was used throughout the study.  

4.2.2 Surface functionalization of cellulose nanocrystals 

TEMPO-mediated oxidation of CNC was performed in a 250mL flask according to 

literature references with minor modifications [125][126]. Each configuration was 

synthesized in triplicate as explained below.  
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In a typical run, 1.5g of cellulose nanocrystals were dispersed either in 150mL of 

deionized (DI) water or 150mL of the buffer solution with magnetic stirring. Solutions of 

TEMPO (40mM, 0.1mmol TEMPO/g CNC), and NaBr (0.6M, 15 mol NaBr/mol TEMPO) 

previously prepared with DI water were added and then magnetically stirred for at least 

10 min. NaClO (1 mol NaOCl/ mol AGU unit on CNC) was added dropwise at a constant 

rate using a syringe pump. Two rates were tested, a slow rate (~350μL/min) and a fast 

rate (10.5mL/min). The pH was maintained at 10.5±0.3 using two different ways: by 

adding continuously 0.5 M NaOH solution dropwise (referred to as the “no buffer 

system”) [125], and by using carbonate/bicarbonate 0.1M as a buffer solution at a pH of 

10.5 (referred to as the “buffer system”) [126]. In both cases, the resultant solution was 

stirred for 3h to ensure complete mixing of all reactants.  

After 3h of reaction, a total of 5 mL of methanol was then added to react with the 

residual NaOCl, and the pH was decreased below 2 with 0.5M HCl. The oxidized 

cellulose nanocrystals (oxCNC) were collected by centrifugation at 4500rpm for 15 min. 

After centrifugation, the precipitate was transferred into dialysis membrane tubes 

(Aldon Corporation) with a molecular weight cut-off of 14,000 Da. The oxCNC solution 

was dialyzed against deionized water until the permeate water reached a conductivity of 

2 mS/cm2 after being 24h in contact with the dialysis tube. The dialyzed oxidized CNCs 

were stored at 4°C without further treatment. The concentration of the solutions was 

determined through as total carbon through a Total Organic Carbon Analyzer (TOC-L 

Shimadzu) using a calibration curve of raw CNCs at various known concentrations.  

4.2.3 oxCNC Characterization 

Infrared spectra were recorded using a Thermo Scientific Nicolet 6700 FT-IR 

spectrometer equipped with a Smart iTX attenuated total reflectance (ATR) sample 

analyzer.  
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The carboxyl content of oxidized cellulose samples was determined by 

conductimetric titration[35]: aqueous oxCNC samples (~35 mg) were suspended into 15 

ml of 0.01 M hydrochloric acid solutions. After 10 min of magnetic stirring, the 

suspensions were titrated with 0.01 M NaOH. A typical titration curve marked by two 

breaks is shown in Figure S4-2. Analysis of conductometric titrations was used to 

determine the carboxyl content. Carboxyl content was defined as the moles of carboxyl 

groups on the CNC molecules divided by the mass of oxCNC (Eq. 4-1). 

 

Carboxyl content �
mmol COOH

g CNC
� =

CNaOH × (V2 − V1)
mCNC

 

 

CNaOH: Molar concentration NaOH 

V1: Volume fist break point 

V2: Volume second break point 

mCNC: mass CNC 

Eq. 4-1 

 

 

4.2.4 Synthesis of nanostructures.  

Iron coated oxCNC (Fe-oxCNC) nanoparticles were prepared by adding oxCNCs 

instead of raw CNCs in the synthesis method of colloidally-stable zero valent iron 

nanoparticles (nZVI) [Chapter 3]. A summary of the volumes and concentrations used in 

the synthesis process is shown in Table 4-1. 

For further comparison, raw iron (i.e., without oxCNCs in solution) was also 

synthesized following the procedure previously described. 

  



M.A.Sc. Thesis – Maria Ruiz-Caldas McMaster University – Chemical Engineering 

 

67 

System oxCNC Fe 
1:1 

oxCNC Fe 
4:1 

oxCNC Fe 
8:1 

Raw Fe 

Molar ratio (AGU:Fe) 1:1 4:1 8:1 - 
Molar ratio (-SO3H:Fe) 1:19.3 1:4.8 1:2.4 - 
Molar ratio (-COOH:Fe) 1:4.5 1:1.1 1.8:1 - 
Mass ratio (oxCNC:Fe) 2.77:1 11.07:1 22.13:1 - 
Mass oxCNC added (mg) 27.7 110.7 221.4 - 
Concentration oxCNC (wt. %) 0.055% 0.221% 0.443% - 
Mass FeSO4∙7H2O added (mg) 49.8 49.8 49.8 49.8 
Equivalent mass Fe added 
(mg) 

10 10 10 10 

Mass NaBH4 added 15.2 15.2 15.2 15.2 
Table 4-1. Summary oxCNC:Fe synthesis experimental parameter values. 

The synthesis process of iron-coated oxCNCs is illustrated in Scheme 4.1 

 
Scheme 4.1. Illustration of iron-coated oxCNC synthesis. a) CNC surface functionalization 

through TEMPO-mediated oxidation. The primary alcohols at the CNC surface are 

transformed into carboxylic groups. b) When FeSO4 is dissolved, Fe2+ cations interact with the 

carboxylic groups on the CNC surface through electrostatic attractions and surface 

complexation. These interactions form an electric layer with a positive charge over the oxCNC 
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surface. When NaBH4 is added, reduced iron molecules migrate to the oxCNC surface, 

nucleate and growth forming an iron layer around oxCNCs.  

4.2.5 Nanostructure characterization 

10mL of fresh nanoparticle suspensions (either raw Fe or iron-coated oxCNCs) were 

transferred into 10mL vials and kept under lab conditions (22°C, atmospheric pressure), 

to track their stability over time. The vials were monitored by visual inspection for 1 

month and the changes were recorded by photographs. Additionally, the UV-vis 

spectrum of the Fe-oXCNC nanoparticles were made in a Spark™ 10M multimode 

microplate reader (TECAN) adding 100μL in a 96-Well UV Microplate. 

4mL of fresh Fe-oxCNC nanoparticles were added in a glass vial and were allowed to 

settle for 20 days under ambient conditions. The amount of sedimented iron was 

measured using Inductively Coupled Plasma-Optical Emission Spectrometer (Varian 

Vista Pro ICP-OES) and compared with the total amount of iron added to the vial 

initially. The iron content was measured at wavelengths of 234.350nm, 238.204nm, 

258.588nm, and 259.940nm comparing it with the working standard solutions which 

were prepared by diluting a multielement standard solution (Sigma Aldrich) on HNO3 

10% w/v. A total of five (5) standard solutions were prepared: 100ppb, 500ppb, 1ppm, 

5ppm, 10ppm. The samples were diluted 50-fold in HNO3 10% w/v. 

TEM was used to evaluate the morphology of Fe-oxCNC nanoparticles. The 

measurements were performed on a Philips CM12 microscope (120 kV). An amount of 

freshly prepared samples of Fe-oxCNCs nanoparticles were diluted to get a 

concentration of 100ppm of solids (mass of oxCNC plus iron) before analysis. Methanol 

was used as solvent to prepare the dilutions. A drop (5 μL, 100 mg/mL in methanol) of 

the iron-coated oxCNCs dilution was placed on a Holey carbon-coated Copper grid (200 

mesh) of 3mm.  
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The composition of Fe-oxCNCs nanoparticles was investigated using two different 

techniques: EDX and EELS. EDS analysis was made using a JEOL 2010F microscope 

equipped with a field emission gun (FEG) operated at 200kV. The system is equipped 

with a Gatan imaging filtering (GIF) system for the acquisition of electron energy loss 

spectra. Elemental maps of iron (L2,3 edge: 708 eV, -), oxygen (K edge: 532 eV) and 

carbon (K edge: 284 eV) were acquired and processed with a Digital Micrograph 

software provided by Gatan. The grids previously prepared for the TEM images were 

used for this analysis. 

EELS measurements were also recorded on the JEOL 2010F. Spectra were collected 

at room temperature with a dispersion of 0.3 eV/pixel. The grids previously prepared 

for the TEM images were used for these analyses.  

DLS measurements were performed using a Brookhaven 90 Plus particle analyzer in 

a scattering angle of 90° at a temperature of 25°C. Every measurement was performed in 

a plastic UV-vis cuvette at a concentration of 100ppm of solids. Five measurements of 

one minute each were carried out per sample, with the reported values representing the 

intensity-weighted mean particle size  

4.3 Results  
4.3.1 CNC oxidation  

Two parameters were modified during the TEMPO-mediated reaction to control the 

CNC surface oxidation: the rate of addition of the oxidizing agent and the method used 

for pH adjustment. Binary changes in both parameters provided four configurations to 

oxidize the CNC surface. These configurations are summarized in Table S4-1, and the 

results are shown in Figure 4.1 

FTIR was used to confirm and characterize the functionalization of the CNC 

surfaces. The presence of the C=O stretch peak in the range of 1700-1750 indicates the 
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presence of carboxyl groups[31](Figure S4-1). All oxidized CNCs showed significant 

FTIR C=O stretching peaks, while no difference was observed between CNCs with 

different carboxyl content. 

 

Figure 4.1. Effect of the NaOCl rate of addition and method to adjust pH on the carboxyl 

content of oxCNCs. Two NaOCl addition rates were tested: a slow rate (~350μL/min) and a 

fast rate (~10.5mL/min). Error bars represent the standard deviation. 

4.3.2 Morphology Fe-oxCNC nanoparticles 

Using TEM, we compare the morphology and size of Fe-oxCNC nanoparticles under 

different amounts of oxCNC in solution. Fe-oxCNC nanoparticles adopt two different 

morphologies (Figure 4.2a): rounded iron aggregates pierced by oxCNCs (Figure 4.2b) 

and oxCNCs coated with iron (Figure 4.2c). The characterization of these nanostructures 

using EDX and EELS confirmed the chemical composition of the iron nanoparticles 

formed with the oxCNCs (Figure 4.3). Fewer and smaller rounded iron aggregates were 

observed when the amount of oxCNCs was increased. We used methanol as a solvent for 

TEM preparation to decrease the rate of iron oxidation and thereby obtain 

nanoparticles with a higher contrast.  
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Figure 4.2. TEM images of Fe-oxCNC nanoparticles synthesized with different molar oxCNC 

to Fe ratios (a, c) oxCNC: Fe 8:1 (b) oxCNC: Fe 1:1. In all solutions regardless of ratio, two 

types of morphology are observed; coated rods(a, b, c) and aggregates (a,b). The amount of 

oxCNC in solution has a strong influence on the final morphology of the composite. 

  

c. 

a. b. 
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Figure 4.3. (Top) Energy Dispersive X-ray Spectroscopy (EDS) mapping of Fe-oxCNC 

nanoparticles corresponding to the ratio oxCNC to Fe 1:1. STEM image (a) shows rounded 

iron aggregates surrounded by iron-coated oxCNCs. Fe (b) and O (c) elemental mapping 

confirm the composition of these nanoparticles. (Bottom) electron energy loss spectroscopy 

(EELS) mapping of iron-coated oxCNC nanoparticles corresponding to the ratio oxCNC to Fe 

8:1. STEM image (d) shows an isolated iron-coated oxCNC nanoparticle with the same 

elemental composition obtained for rounded iron aggregates. 

4.3.3 Size and Colloidal Stability Fe-oxCNC nanoparticles 

Figure 4.4a. shows the visual appearance of Fe-oxCNC nanoparticles in solution 

after synthesis under normal conditions. The solutions turned from black to orange in a 

matter of hours without a N2 atmosphere. Despite rapid oxidation, however, the 

particles in each vial containing Fe-oxCNCs remain colloidally stable over months. 

Within one day, there is no noticeable difference between the particles synthesized with 

different amounts of oxCNC. However, the final appearance of the oxCNC to Fe ratio 8:1 

is lighter than the other two ratios tested. This difference in color intensity was 

corroborated using UV-Vis absorption (Figure 4.4b).  

b. a. c. 

Fe O 

d. 
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Figure 4.4. (a) Photographs of Fe-oxCNC nanoparticles with different amounts of oxCNC as 

support (From left to right: Bare Fe, oxCNC: Fe 1:1 - oxCNC: Fe 4:1, oxCNC: Fe 8:1).(b) 

UV/VIS absorption spectra of Fe-oxCNC nanoparticles.  

DLS was used to determine differences in the effective diameter of Fe-oxCNC 

nanoparticles for each configuration. DLS measurements are a good indicator of the 

changes in morphology between each system. However, it is critical to note that due to 

the rod-like shape of CNCs, the effective diameter does not represent any actual 

dimension of the Fe-oxCNC nanoparticles[127]. Figure 4.5 shows the effect of the 

number of oxCNCs in solution over the mean diameter. The Fe-oxCNC nanoparticle 

effective diameter decreases from over 350 nm to less than 120 nm as the oxCNC molar 

ratio increases from 1 to 4. There is no significant difference between the effective 

diameter of the systems oxCNC Fe 4:1 and oxCNC Fe 8:1 and these two values are close 

to the diameter of bare oxCNC particles.  

The percentage of sedimented Fe-oxCNC nanoparticles was quantified through ICP-

OES measurements. We measure the iron content of the liquid phase on each vial and 

compare it with the total content of iron. We observe a similar trend to the DLS 

measurements (Figure 4.5): the percentage of sedimented iron decreases from 15% to 

6% as the oxCNC molar ratio increases from 1 to 4, and there is no significant difference 

a. b. 
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between the percentage of iron sedimented of the systems oxCNC Fe 4:1 and oxCNC Fe 

8:1 (6% vs 5%) 

 

Figure 4.5. Intensity-weighed effective particle diameter(left/bars) and percentage of iron 

colloidally stable (right/dots) for Fe-oxCNC nanoparticles at different amounts of oxCNC as 

support. For comparison, the effective particle diameter for oxCNC was also measured. Error 

bars are the standard deviation. 

4.4 Discussion  
4.4.1 CNC oxidation. 

Figure 4.1 presents the comparison of the oxCNC carboxyl content for CNCs 

modified for the four different combinations tested. For fast additions of NaOCl, Figure 

4.1 indicates that the difference between the two methods to adjust pH -buffer and no 

buffer- is small and in most cases well within the limits of experimental error. However, 

the samples synthesized in the presence of a buffer have a lower average degree of 

oxidation compared with the samples synthesized without a buffer. These differences 

are more noticeable under the slow rate of NaOCl addition. The addition of a buffer 

solution increases the ionic strength of the reaction medium. An increase in the ionic 
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strength results in CNC homo-aggregation[128], leading to a reduction of the primary 

hydroxyl groups available for oxidation, hence reducing the efficiency of the reaction. 

The use of a buffer solution is more practical because the necessary pH adjustment is 

done at the same time as the oxidation. As such, it was determined that a fast rate of 

NaOCl addition was necessary to achieve the maximum CNC oxidation in the presence 

of a buffer.  

4.4.1 Influence of the molar ratio of oxCNC to Fe  

The main difference between the two Fe-oxCNC morphologies obtained (Figure 4.2) 

is the final form adopted by the iron nanoparticles. The iron-oxCNC morphology is 

dictated by the iron aggregation mechanism after iron is reduced. Iron molecules can 

either nucleate on and around oxCNCs or they can homoaggregate. The former leads to 

iron-coated oxCNCs, while the latter produces spherical nZVI nanoparticles pierced or 

stabilized by oxCNCs. Iron clusters are further discouraged by using a low iron sulfate 

concentration in solution (~4mM) and a slow addition rate of sodium borohydride 

during the synthesis process (500μL/min). Futhermore, during iron-nanoparticle 

growth, oxCNCs act as capping agents limiting the extend to which iron-nanoparticles 

grow. A similar effect was observed in our previous studies with raw CNCs [Chapter 3] 

The presence of oxCNCs covered by iron oxides is observed in the three EDS 

measurements (Figure 4.3) In general, Fe-oxCNC nanoparticles without further 

treatment showed a high dispersion stability with very little aggregation over time. The 

small amount of precipitation (< 10% of the Fe in solution) likely occurs because there 

are too few oxCNCs in solution to prevent all iron nanoparticle aggregation. As 

expected, Figure 4.5 shows that the higher the number of oxCNCs in suspension, the 

lower the number of iron aggregates.  

Non-stable Fe-oxCNC aggregates are micrometers in length (Figure 4.6c), which are 

similar in structure to homoaggregates of nZVI (Figure 4.6a) and aggregates of Fe-CNC 
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(Figure 4.6b). The important difference is that the oxCNCs that surround these 

aggregates clearly show near complete coverage by iron. 

   
Figure 4.6. TEM images of iron aggregates. From right to left: raw nZVI (i.e. no support). 

CNC-supported iron aggregates, oxCNC-supported iron aggregates.  

4.4.2 Influence of carboxyl groups on Fe-oxCNC morphology  

In our previous work [Chapter 3] when we reduced ferrous ions in the presence of 

raw CNCs, we obtained ~130nm spherical iron aggregates made from ~10nm primary 

particles. Based on these results, we suggested that the presence of raw CNCs in 

solution plays a dual role: a foreign surface to encourage stable nucleation over fast 

aggregation and a stabilizer to prevent iron nanoparticles aggregating into fractal 

colloids. The presence of oxCNCs also has these effects that led to the formation of 

stable nanoparticles. However, it was found that the final form of iron oxide 

nanoparticles is significantly different between these two systems. The carboxylic 

groups on the CNC surface change the interaction mechanisms between Fe2+ and CNCs, 

which results in a noticeable change of morphology between Fe-CNC and Fe-oxCNC 

nanoparticles synthesized under the same conditions. 

To understand the morphological difference between nZVI-CNCs and Fe-oxCNCs, 

we consider the impact of functional groups on the oxCNCs. Compared to raw CNCs, 

carboxyl-functionalized CNCs acquire a higher negative surface charge in normal 

conditions due to the nature of carboxyl groups: carboxyl groups are more polar than 
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hydroxyl groups due to the C=O group present on the molecule, and at moderate to high 

pH values, carboxylic groups ionize slightly by releasing the proton attached to the 

hydroxyl group. Carboxyl groups increase the repulsive forces between cellulose 

nanocrystals, hence increasing the stability of CNCs in suspension. 

The change of surface potential also has an impact on the number of ions near the 

oxCNC surface. According to EDL theory, the distribution of ions in solution near a 

charged surface can be approximated by a Boltzmann distribution (Eq. 2.)[129].  

 Eq. 2. Indicates that there is an exponential relationship between the particle 

density and the surface charge of the particle. Comparing the particle density of two 

surfaces (A, B) with two different surface charges (𝑒𝑒𝐴𝐴, 𝑒𝑒𝐵𝐵) we get: 

𝑛𝑛𝑖𝑖𝐴𝐴(𝑥𝑥)
𝑛𝑛𝑖𝑖𝐵𝐵(𝑥𝑥) = exp �−

𝑧𝑧𝑖𝑖𝑒𝑒(𝑒𝑒𝐴𝐴 − 𝑒𝑒𝐵𝐵)
𝑘𝑘𝑏𝑏𝑇𝑇

� = αexp[(𝑒𝑒𝐵𝐵 − 𝑒𝑒𝐴𝐴)] 

Where  

α = exp �
𝑧𝑧𝑖𝑖𝑒𝑒
𝑘𝑘𝑏𝑏𝑇𝑇

� = exp[77.87𝑉𝑉−1] 

Eq. 4-2 

 

 

From Eq. 4-2 is clear that small changes of surface charge will have large impacts on 

the particle density at the surface, e.g. a difference in 1mV on the surface potential will 

increase the particle density by ~10%. 

A greater impact is likely from the difference in chemical association energy 

between Fe2+ and the functional groups found on CNCs (OH) in comparison to oxCNCs 

(OH and COOH). It is known that ferrous ions coordinate with carboxylic acids [130]. 

When FeSO4 is dissolved in a solution containing oxCNCs, the ferrous ions adsorb to the 

oxCNC surface by binding through the carboxyl groups. This chemical adsorption forms 

a stronger bond than the electrostatic association of ferrous ions to hydroxyl groups, 

which occurs in both the CNCs and the oxCNCs.  
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This new type of interaction between oxCNC and Fe2+ increases the amount and 

proximity of ferrous ions at the oxCNC surface, which causes a rise in the number of Fe0 

nucleation sites when NaBH4 is added. This effect also favors iron nucleation over 

aggregation. As a result, oxCNCs are covered in a dense thin film of small aggregates 

that take the appearance of coatings on the oxCNC surface, while single nZVI aggregates 

form on raw CNCs, which come together to form secondary particles as described 

previously [Chapter 3]. Due to their size, these small aggregates are quickly oxidized, as 

is observed in Figure 4.4. Instead of seeing spherical nanoparticles of iron around the 

oxCNC surface, we observe uniform coatings (Figure 4.2). This visual effect can be 

explained by the flake and rod morphology that iron nanoparticles adopt after iron is 

oxidized[67].  

When the Fe2+ ions are reduced, entropic effects are the main mechanism 

responsible for the adhesion of Fe0 molecules. When Fe0 oxidizes, iron nanoparticles 

acquire a negative surface charge due to the layer of iron oxide/hydroxides formed on 

top of the nanoparticle. These new compounds increase the repulsion forces between 

iron nanoparticles. Moreover, due to their size and colloidal stability, non-coated 

oxCNCs act as stabilizers of Fe-oxCNC nanoparticles.  

4.5 Concluding Remarks 
We report the synthesis of colloidally stable Fe-oxCNC nanocomposites through 

reduction of iron sulfate under N2 atmosphere. By varying the oxCNC to Fe molar ratio 

during the one-step redox reduction, it is possible to alter the morphology of Fe-oxCNC 

nanocomposites from spherical aggregates of ~130nm to individual oxCNCs nearly 

completed coated in a thin film of metallic iron. The presence of carboxylic groups 

enhanced the chemical adsorption of iron to the CNC surface leading to the formation 

of new morphologies. The surface modification of cellulose nanocrystals improved the 

CNC/iron compatibility and their interfacial adhesion. The number of nucleation 
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centers and the type of ion-surface bond played an important role over the form of the 

iron nanoparticles. 
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4.6 Appendix: Supporting Information for Chapter 4 

Sample 
Addition 

NaOCl 
Buffer 

Carboxyl 
content 

1 Slow YES 1.07 
2 Slow YES 1.07 
3 Slow YES 1.21 
4 Slow NO 1.37 
5 Slow NO 1.32 
6 Slow NO 1.60 
7 Fast YES 1.44 
8 Fast YES 1.45 
9 Fast YES 1.18 

10 Fast NO 1.63 
11 Fast NO 1.45 
12 Fast NO 1.21 

Table S4-1. Configurations tested TEMPO oxidation. Concentration Carbonate/Bicarbonate 

buffer: 0.1M. Slow NaOCl rate :~350μL/min, fast rate: ~10.5mL/min 

 
Figure S4-1 FTIR spectra of raw vs. functionalized CNC. Notice the peak (red) in C=O Stretch 

region. 

5001000150020002500300035004000

Wavenumber (cm-1)

CNC oxCNC
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Figure S4-2 Conductometric titration of oxCNC sample 6 (See Table S4-1) The different stages 

of the titration process can be easily identified[131]: A rapid decrease in conductivity due to 

strong acid neutralization, a flat region where neutralization of the carboxyl and sulfate 

groups on oxCNC surface occurs, and a rise in conductivity due to the excess NaOH added.  
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5 Chapter 5: Conclusions and future work 

This thesis has focused a simple method to synthesize colloidally stable metallic iron 

nanoparticles (FeNPs) by incorporating two different cellulose-based stabilizers: 

cellulose nanocrystals (CNCs), and carboxylated cellulose nanocrystals (oxCNC). In all 

experiments, TEM images show that the FeNPs were attached to the stabilizer surface 

(either raw CNCs or oxCNCs). FeNPs were synthesized through the reduction of the 

ferrous iron by sodium borohydride (NaBH4) under inert conditions, so its expected that 

all the particles formed were initially composed by iron in its zero valent state (nZVI).  

CNCs and oxCNCs were able to overcome metallic and magnetic attraction forces of 

Fe0, yielding highly colloidally stable iron nanoparticles. 

The FeNPs stability, degree of aggregation, size and morphology can be controlled 

by manipulating the type and concentration of the stabilizer. These changes are more 

evident for the iron nanoparticles synthesized using oxCNCs as support.  

Both stabilizers perform similar functions along the iron nanoparticle synthesis 

through chemical reduction of iron sulfate. Initially, ferrous ions were coupled on the 

CNC surface by electrostatic interactions, and in the case of oxCNC, electrostatic 

interactions and ligand binding through carboxylic groups. CNCs and oxCNCs change 

the distribution of Fe2+ irons on solution. This new arrangement increases the number 

of active nucleation sites when NaBH4 is added. Later, during the stages of growth, 

CNCs and oxCNCs act as (1) template for the formation of Fe0 seeds on the support 

surface, (2)capping agent, controlling iron nanoparticle size, and (3) stabilizer 

inhibiting iron nanoparticle aggregation.  

It was observed that the morphology of iron nanoparticles is significantly different 

between these two supports.  
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Fe-CNC nanocomposites are ~130nm flower-like spherical aggregates made from 

~10nm iron particles supported by CNCs. Aggregated primary particles create 

nanometer scale roughness over the surface of the ~130nm spherical aggregates. We 

observed Fe0 oxidation only occurs several days after being removed from nitrogen 

atmosphere, meaning that Fe-CNC nanocomposites maintain their reductive activity in 

normal conditions for long periods of time. Additionally, aging analysis suggests that 

secondary particles disintegrate to become primary particles in aqueous media. These 

primary particles have a higher surface area per volume ratio than secondary particles, 

which makes Fe-CNC nanocomposites more attractive for applications involving surface 

interaction. The composition, size, morphology, porosity, and mechanism of aging of 

this type of nanocomposite have a great potential for environmental remediation.  

Fe-oxCNC nanocomposite morphology varied from spherical aggregates of ~130nm 

to individual oxCNCs nearly completed coated in a thin film of metallic iron made from 

primary particles. By simply varying the surface functional groups, the primary-particle 

aggregation can be controlled, resulting in non-aggregated iron primary particles. 

These nanocomposites oxidize in a matter of hours, meaning that resultant iron 

particles are too reactive to be useful for in-situ environmental applications. However, 

the proposed approach of carboxylic group surface functionalization with and a 

subsequent reduction of metallic ions offers a novel approach to synthesizing cellulose-

metal composites in aqueous media without applying high temperatures, electrical 

current, or the use of additional chemicals.  

5.1 Future work 
It is necessary to make technical improvements in preparing Fe-cellulose 

nanocomposites to improve the control over FeNP morphology and colloidal stability. 

Parameters such as the rate of addition of NaBH4, mixing technique employed, and 
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overall FeSO4 concentration can be modified to optimize the proposed synthesis process 

without the use of additional chemicals.  

Fe-CNCs nanocomposites hold the potential to be used as a cost-effective technology 

for in-situ soil remediation. For this reason, it is necessary to evaluate the following 

characteristics: The Fe-CNC capacity in treating a variety of contaminants and compare 

it with commercial nZVI particles; the influence of temperature, ionic strength, and pH 

in Fe-CNC colloidal stability; and the Fe-CNC transport in porous media and simulated 

soils. Also, the use of a greener reducing agent (instead of NaBH4) may also be explored 

to make this process more sustainable.  For example, in last years several authors have 

been using extracts from natural products(e.g black tea-, grape marc-, and vine leaves 

[132]) to reduce iron salts.  

In the case of Fe-oxCNC nanocomposites, this technology opens the option of using 

carboxylated cellulose nanocrystals as a template for a variety of metals and metal 

oxides. Likewise, the presence of other functional groups at the CNC surface that can be 

attached through more environmentally friendly procedures (e.g. CNC surface 

acetylation) must be evaluated. 

Finally, studies for synthesizing nanoparticles made from inorganic compounds 

with high value must be addressed. In our research group, we want to target versatile 

inorganic compounds that can be produced through redox reactions (e.g. Zinc Oxide, 

Iron (III) oxide, Aluminium oxide) and analyze the influence of the use of CNC as 

support on the size, morphology, and reactive activity of metal/metal-oxide 

nanoparticles. Inorganic nanoparticles synthesized on CNCs may reduce the need for 

purification stages or the use of organic solvents that are hazardous to the environment.  
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